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Wheat (Triticum aestivum L.) is one of the most important crops in the world
supplying about 18.8 percent of the world's caloric energy supply and 20 percent
of the world's protein. In the Pacific Northwest (PNW), over one million hectares
of wheat are grown every year. Wheat production is typically grown in a wheatfallow rotation with no-till to prevent soil erosion. However, the adoption of no-till
eliminates tillage as a form of weed control, making herbicides the primary tool for
weed management. Grassy weeds such as jointed goatgrass (Aegilops cylindrica
Host) and cheatgrass (Bromus tectorum L.) are wheat's greatest competitors and
can reduce yield and quality through competition for water, nutrients, and sunlight.
Herbicide resistance (HR) in wheat is necessary due to the similar life cycle and

physiology between wheat and the grassy weeds if herbicides are to be applied.
Clearfield® wheat, which is resistant to the herbicide imidazolinone, an
acetolactate synthase (ALS) inhibitor, is grown in the PNW. The issue with
Clearfield® wheat is that imidazolinone can have a soil residual of up to eighteen
months which limits growers to only fallow or another Clearfield® crop after a
Clearfield® wheat harvest.
A new source of HR, CoAXium® wheat, confers resistance to quizalofop-pethyl herbicide, an acetyl Co-A carboxylase (ACCase) inhibitor, which does not
have a long soil residual. CoAXium® wheat was developed at Colorado State
University (CSU) in 2015 through induced chemical mutagenesis which caused a
mutation at the ACC-1 gene. In order to make the CoAXium® technology available
to growers in the PNW, the resistance trait will need to be introgressed from
Colorado HR hard red winter (HRW) cultivars into PNW soft white winter (SWW)
cultivars. Conventional breeding takes about 10-12 years to develop a new wheat
cultivar from first cross to release. This has caused a search for techniques that
decrease the time it takes to create a new cultivar by decreasing the number of
generations needed for trait introgression or decreasing the generation time for
each breeding cycle.
To quickly develop PNW CoAXium® wheat cultivars and further understand
this source of resistance, a seed-based assay, plant level dose response, and a novel
speed breeding method were studied. The objectives of this research were to: 1)
Develop a seed or seedling-based screening method to facilitate introgression of
the herbicide genes into soft white winter wheat adapted to the PNW; 2) Perform a

dose response study to evaluate the level of tolerance of plants carrying two, three,
and four copies of the resistance allele; 3) Determine the significance of the
number of alleles and significance of genome location of the resistance trait for
level of herbicide tolerance; 4) Compare a speed breeding technique using soft
white spring (SWS) wheat in the first few backcrosses to a conventional backcross
breeding scheme for introgression of the HR trait into PNW adapted germplasm to
determine if the time to develop a PNW adapted HR cultivars can be shortened.
Two seed assay methods, seed soak (SS) and substrate imbibition (SI) were
compared to distinguish between resistant CoAXium® genotypes and susceptible
wheat. The HR donor lines from CSU were either homozygous resistant on the A
and D (A/D) genome or the B and D genome (B/D) of wheat. The seeds tested in
the seed assay were A/D, B/D, or a susceptible cultivar. The SS method at the 5
µM concentration reliably distinguished trait and non-trait seedlings, and was
therefore established as the protocol to be used for trait introgression by the
Oregon State University (OSU) wheat breeding program and Seed Lab. The SI
method was inconclusive since, even at the 20 µM concentration, 36% of
susceptible seedlings would have been categorized as trait. It was observed that
seedlings carrying the B/D form of resistance had a significantly lower tolerance to
quizalofop than the A/D genotype at the 5 µM concentration. This trend was also
observed at the plant level in the dose response study.
For the dose response, the dry biomass weight, survival rate, and image
analysis were used as methods to study whether there was an additive effect of the
ACC-1 mutation, if the ACC-1 mutation between wheat's three genomes (A, B, and

D) conferred different levels of tolerance, whether the B/D genotype had high
enough tolerance for commercial production, and to test the usefulness of the
image analysis. An additive effect with the resistance alleles was observed, as well
as varying levels of tolerance depending on which genome the resistance alleles
were present. Resistance alleles on the B genome conferred the lowest tolerance
and resistance alleles on the D genome conferred the highest tolerance. It is not
advised to develop CoAXium® cultivars that carry the B/D resistance combination,
and instead to focus on A/D resistance or even A/B/D. The image analysis
parameters of quantifying the area of green healthy tissue and the percentage of
green healthy tissue in a photo were not as predictive as the dry biomass and
survival rate data.
To study whether the time to introgress the HR trait from a Colorado HR
HRW lines to PNW SWW wheat cultivars, a speed breeding scheme was designed.
In the spring wheat breeding scheme (SBS), a PNW SWS cultivar was crossed
with the HR Colorado HRW lines, followed by two backcrosses to the SWS before
being crossed with SWW. This was compared to a conventional winter wheat
breeding scheme (WBS). Since spring wheat does not have a vernalization
requirement, approximately six weeks per generation could be saved compared to
the WBS. The SBS did not save as much time as anticipated, however other
benefits were gained. Of the nine SWW cultivars that were initially crossed with
the HR HRW in the conventional breeding scheme, only crosses with two SWW
cultivars were successful due to hybrid necrosis with the other seven F1
populations. However, the breeding scheme with the SWS did not cause hybrid

necrosis when the SWS lines introgressed with the HR trait was crossed back to
SWW breeding lines and cultivars. This allowed for introgression of the HR trait
into the SWW lines that previously died from hybrid necrosis with the Colorado
lines. In addition, two more crosses to a PNW cultivar were performed in the SBS
breeding scheme than in the conventional breeding scheme during the two-year
study. This increases the chances for the transfer of disease resistance genes for
PNW diseases such as stripe rust (Puccinia striiformis) and for favorable
phenotypes of other quantitative traits, such as straw strength, into the HR SWW
breeding lines which may be observed during the first field trials in 2021. Future
research includes the continuation of the speed breeding study through the end of
the field trials to observe any of the potential benefits from the speed breeding
scheme, the quizalofop tolerance levels of the HR breeding lines in the field, and
looking into the mechanisms of why certain allele locations confer a higher
tolerance. The addition of a second form of HR wheat provides improved weed
control in no-till fields, in addition to the possibility of crop and herbicide rotation
to delay the evolution of HR weeds. The findings presented in this thesis delivers
insight and resources on this new source of HR for optimal PNW HR wheat
cultivar development.

©Copyright by Colette Richter
March 13, 2020
All Rights Reserved

Introgression and Evaluation of Wheat (Triticum Aestivum L.) Conferring Resistance
to Quizalofop-p-ethyl Herbicide
by
Colette Richter

A THESIS
submitted to
Oregon State University

in partial fulfillment of
the requirements for the
degree of
Master of Science

Presented March 13, 2020
Commencement June 2020

Master of Science thesis of Colette Richter presented on March 13, 2020

APPROVED:

Co-Major Professor, representing Crop Science

Co-Major Professor, representing Crop Science

Head of the Department of Crop and Soil Science

Dean of the Graduate School

I understand that my thesis will become part of the permanent collection of Oregon
State University libraries. My signature below authorizes release of my thesis to any
reader upon request.

Colette Richter, Author

ACKNOWLEDGEMENTS
I would like to express my sincere gratitude towards my advisors, Dr. Sabry Elias and
Dr. Robert Zemetra. Dr. Elias provided me the opportunity to come to Oregon State
University and Dr. Zemetra for funding my education. Thank you for all of your
guidance, advice, and for allowing me to compete on the OSU track and crosscountry team. I am very fortunate to have had advisors who were understanding and
flexible around my athletic commitments. I would also like to thank Marcelo Moretti
and Christopher Mundt as the other members of my graduate committee for all of
your input into my thesis. Thank you Nathalia Moretti for all of your help, especially
with all of the greenhouse work that went into the speed breeding project. Without
your help this project would not have been possible. Thank you, Hilary Gunn for all
of your patience, guidance and for teaching me the lab techniques I needed to
complete my projects. Thank you to the other graduate students in the wheat breeding
lab, Kali Brandt, David Cobertera, and Susi Trittinger for all of your advice. You
guys were all great role models as Ph.D. students. I would also like to acknowledge
Mark Larson, Adam Heesacker, Tyler Haran, and all of the undergraduate student
workers who also were a part of my MS experience from helping with my thesis,
working in the field together, or teaching me the field side of plant breeding. Lastly, I
would like to thank my friends and family for all of their support. Thank you, Mom
and Dad for all of your love and support since day one. You guys have taught me to
be a hard worker, to make the most of what I am given, and to be "the most strong."

CONTRIBUTION OF AUTHORS

My co-advisors Robert Zemetra and Sabry Elias in taking the time to edit each
chapter, meetings to go over the papers, and designing my thesis experiments. Caio
Brunharo for the invaluable input for the data analysis for Chapter 4. Nathalia Moretti
with whom I worked very close for Chapter 5. Hilary Gunn who taught me all the
performed laboratory procedures.

TABLE OF CONTENTS
Page
Chapter 1: Introduction...…………………………………………………………… 1
Chapter 2: Literature Review.…………….……………………………….………....7
Herbicide Resistance in Wheat……………………………...…………....7
Clearfield® Wheat…………………………………………………10
CoAXium® Wheat………………………………………………...14
Herbicide Resistant Weeds……………………………………………….17
Seed Assays for Herbicide Resistant Crops…….…………………...…...21
Speed Breeding……………………………….…………………………..24
Literature Cited…………………………….……………………………..30
Chapter 3: Evaluation of Bioassay Methods to Screen for Tolerance to Herbicide
in Quizalofop Winter Wheat (Triticum aestivum L.) ……........……......37
Abstract……………. ………………………………………………...…..37
Introduction ……...…………………………………………………..…...38
Materials and Methods …….......………………………………………...41
Seed Source………………………….……………………………...41
Initial Quality of Seeds…………………….……………………….41
Seed Soak (SS) Method…………………….………………………42
Substrate-Imbibition (SI) Method………….……………………….43
Characterization of Seedlings……………….………………………43
Evaluation Criteria According to CSU Protocol……..……………..43

TABLE OF CONTENTS (Continued)
Page
Evaluation Criteria According to AOSA………….………………..44
Statistical Analysis……………………………….…………..…….44
Results…………………...……………………………………….……..45
Initial Quality of Seeds………….……………………………….....45
Seed Soak Method…………………….………………………..…..45
Substrate-Imbibition Method…………..…….……………………..48
Identifying Non-Trait Seedlings………...………….…………...….50
Identifying Non-Determinate Seedlings………….….…………......52
Discussion …….…...……………………………………………………..52
Seed Soak vs. Substrate Imbibition Method………………..……….52
Morphological Identification of Non-Trait Seedlings……...………..57
Conclusion……………………..………………………………...……….58
Literature Cited…………………………………………………….……..59
Chapter 4: Herbicide Dose Response of Resistant Wheat (Triticum aestivum
L.) Evaluated with an Image Analysis Design ….......................….….…61
Abstract……………. ……………………………………………………61
Introduction ……...…………………………………………………...….63
Materials and Methods …….......…………………………………….......66
Seed Source…………………………………………………...…….66
Genotyping…………………………………………………...……..66

TABLE OF CONTENTS (Continued)
Page
Dose Response…………………………………………………..…..67
Image Analysis……………………………………………………...68
Statistical Analysis…………………………………………...……..70
Results…………………...……………………………………….…...….71
Discussion ……..…......……………………………………………….....78
Conclusion………………..…………….……………………………......83
Literature Cited………….……………………………………………….…....84
Chapter 5: Speed Breeding to Shorten Inrtogression Time of an Herbicide
Resistance Trait into Wheat (Triticum aestivum L.)……………...……...86
Abstract……………. …………………………………………………....86
Introduction ……...…………………………………………………..…..87
Materials and Methods …….......………………………………………..92
Growing Environment……………………………………..………..92
Parental Lines……………………………………………….……....93
Winter Breeding Scheme………………………………….………...93
Spring Breeding Scheme…………………………………………...94
Selection Criteria……....…………………………………………...95
Marker Assisted Selection…………..……………………………...96
Statistical Analysis…….……………………………..…….……..102
Results…………………...…………………………………...………..102
Chi-Square……………………………………..…………………..102

TABLE OF CONTENTS (Continued)
Page
Breeding Schemes………………………………………………....105
Cost………………………………………………………………..107
Discussion …….…...……………………………………………...…...109
Conclusion………………..……………………………………......…...113
Literature Cited………………………………………………………...115
Chapter 6: Thesis Conclusions……...……………………………………………....118
Literature Cited ……….……………………………………..………....124
Appendices ……………………………..………………………………....………..125

LIST OF FIGURES
Figure

Page

3.1

Linear Length- Seed Soak Method…………..………………………........…46

3.2

Dry Matter Content- Seed Soak Method..……… ………………….....…….47

3.3

Linear Length- Substrate Imbibition Method………………………..…...….47

3.4

Dry Matter Content- Substrate Imbibition Method…….……………...…….48

3.5

Non-trait susceptible Bobtail after being exposed to 4.0 μM herbicide
for Seed soak method. All seeds were considered non-trait at this
concentration and 5.0 μM………..………...……………………..………….51

3.6

Example of a susceptible, non-trait seedling with a root length longer
than 3.8 cm.………...……………….……………………………….……….51

3.7

From left to right. Based off of Colorado State University’s criteria
only the first two seedlings would be considered non-trait. Based on
AOSA criteria, all would be considered non-trait due to root length for
the first two and deformed or missing shoots for the rest…………………....52

4.1

Chemical injury of quizalofop on wheat causing whitening of leaves…...….64

4.2

Left: The image of a cropped photo from the dose response before
image analysis of the green pixels. Right: The image after the
threshold color macro was applied. The black is the selected healthy
green tissue of the original image....................................................................70

4.3

Dose-response curve based on survival rate of wheat plants
Conferring resistance to quizalofop with 2, 3, or 4 resistant alleles…......…..72

4.4

Dose-response curve based on dry biomass of wheat plants conferring
resistance to quizalofop with 2, 3, or 4 resistant alleles………………….…..79

5.1

Conventional breeding scheme of breeding an herbicide resistance
(HR) trait from a hard red winter (HRW) wheat to a soft white winter
(SWW) using marker assisted selection (MAS)……….….…..……………..99

5.2

Spring breeding scheme where a soft white spring (SWS) is used to
introgress the herbicide resistance (HR) trait from a hard red winter
wheat (HRW) to a soft white winter (SWW) using marker assisted
selection (MAS)………………………………...…………… …………….100

LIST OF FIGURES (Continued)
Page
5.3

Spring and winter wheat life cycles in a green house. Two to three
spring wheat generations can be produced in a year while only one to
two winter wheat generations can be produced.…………………….….......110

LIST OF TABLES
Table

Page

3.1

Analysis of variance for the effect of bioassay method (M), genotype
(G), and herbicide concentration (C) on rate of trait seeds (T), linear
length of seedlings (LL) and dry matter content (DMC).…………...……..46

3.2

Germination percentage of Bobtail, CO14A050, and CO14A136 for
seek soak (SS) and substrate imbibition (SI)…………………………….…..47

3.3

Germination of Bobtail, CO14A050, and CO14A136 cultivars for
Substrate Imbibition……………………………………………………….....50

4.1

The lethal dose of 50 (ED50) and 90 (ED90) percent of each genotype
based off the percentage of healthy green tissue in the photo……………….73

4.2

The lethal dose of 50 (ED50) and 90 (ED90) of each genotype based
on the area of healthy green tissue in the photo……………………………...74

4.3

Dose-response analysis between different genotypes of quizalofopp-ethyl resistant wheat based on survival rate………………………........75

4.4

Dose-response analysis between different genotypes of quizalofopp-ethyl resistant wheat based on dry biomass………………………………..76

5.1

Genetic backgrounds of soft white spring (SWS) parent, soft white
winter (SWW) parents, and herbicide resistant (HR) parents, and
target SWW cultivars (CV) of the two breeding schemes………………….100

5.2

Expected ratios of the Pinb-D1 (PinB) and ACC-1 genes during the
conventional winter breeding scheme (WBS) and the speed breeding
spring wheat breeding scheme (SBS)…………………………………….101

5.3

Chi-square values for the Pinb-D1 (PinB) gene for the spring breeding
scheme (SBS) and the winter breeding scheme (WBS)…………..………...103

LIST OF TABLES (Continued)
Page
5.4

Chi-square values for ACC-1 genes for homozygous resistant (Res),
heterozygous (Het), and homozygous susceptible (Sus) in the spring
breeding scheme (SBS) and winter breeding scheme (WBS)…………....…104

5.5

Allele frequencies of quality traits in the spring breeding scheme
(SBS) and the winter breeding scheme (WBS)……………………...……...108

LIST OF APPENDICES
Appendix

Page

A. Appendix Tables.......………………………………………………...125

LIST OF APPENDIX TABLES
Table

Page

4.1

Comparison of genotypes based off of survival rate that were
Significantly different……………………………...……….....……125

4.2

Comparison of ED50 with dry biomass that were significantly
different……......................................................................................126

DEDICATION
To my dog, Summer (2004-2019). Thirteen years before I began my MS, we
named you Summer since you were the color of wheat during the harvest
season. I will always cherish the memories of running with you and all of the
other joyful memories you brought to our family. I cannot help but dedicate
this to you, my Summer baby.

1

Chapter 1: Introduction
Wheat (Triticum aestivum L.) is one of the world’s most important staples that
feeds the ever-growing human population. The grain contributes about 18.8 percent of the
world’s caloric energy supply and 20 percent of the world’s protein (“2018 Annual
Report”). In 2017, the world harvested 219 million ha and produced about 772 million
tons of wheat with the United States harvesting about 15 million ha and producing about
47 million tons (Food and Agriculture Organization of the United Nations, 2017). The
United States is also a major wheat exporter, contributing about 16 percent of the world’s
exported wheat (USDA - National Agricultural Statistics Service Homepage). Over one
million ha of wheat are grown every year in the Pacific Northwest (PNW), and it is the
only economically viable crop in areas of low or intermediate rainfall in that region
(Schillinger and Papendick, 2008). Soft white winter wheat (SWW) is the principal
market class of wheat grown in the PNW, covering over 800,000 ha, of which, 80 percent
is exported (USDA - National Agricultural Statistics Service Homepage). This
agricultural success comes from the PNW’s climate of dry, warm summers during
maturity and cool, wet winters, fertile soil, and technological improvements such as
improved cultivars and herbicides for weed control.
Due to the dry summers and wet winters, there is an increased potential for soil
erosion as well as loss of soil moisture which is why a wheat-fallow rotation paired with
no-till methods have been adopted. However, using no-till practices eliminates the
potential to use tillage to control weeds. The preferred way to control weeds in a no-till
system is through the use of herbicides (San Martín et al., 2019). Herbicide resistant (HR)
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cultivars combined with timely herbicide applications can significantly increase yield by
killing off competitive weeds, however, only a few HR wheat cultivars are available in
the market. This is partially due to wheat’s complex genome that poses a challenge to
agricultural scientists to develop strong herbicide resistant cultivars and also due to the
fact that no variety of GMO wheat has ever been deregulated (Weeks, 2017). In
comparison, about 90 percent of maize (Zea mays L.) and soybean (Glycine max (L.)
Merr.) in the US have at least one type of herbicide resistance, mostly GMO glyphosate
resistant cultivars (Nandula, 2019).
The reason for the need for HR wheat cultivars in the PNW is that grassy weeds
such as jointed goatgrass (Aegilops cylindrica Host), cheatgrass (Bromus tectorum L.),
and feral rye (Secale spp.) are all major weeds in the wheat’s growing region. Due to
their similar life cycle and physiology, grassy weeds are difficult to control in wheat
fields especially when tillage is eliminated as one form of weed management. Presence of
these weeds in wheat fields can decrease yield by up to 90 percent if weed emergence
occurs at the same time as the crop (Daugovish et al., 1999). A large infestation of grassy
weeds can also lead to a decrease in quality. Grassy weeds have a similar physiology and
life cycle to wheat since wheat is also a grass species, therefore many of the herbicides
used to control weeds in wheat would also negatively affect the crop unless an HR trait in
wheat is present. Clearfield® wheat was developed to carry resistance to imidazolinone
herbicides, an acetolactate synthase (ALS) inhibitors, such as Beyond® herbicide.
Growers were able to apply imidazolinone to control broad-leaf and grassy weeds to
increase their yield. However, a problem with Beyond® is that depending on climatic
conditions, imidazolinone can persist in the soil for twelve to eighteen months, limiting
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what can be grown in the field the next one to two growing seasons depending on the
desired rotational crop (Alister and Kogan, 2005; Süzer and Büyük, 2010). This hinders
wheat producers economically since they lose time and space to grow another crop. In
addition, the prevalence of imidazolinone resistant weeds has decreased the efficacy of
Beyond® (Nakka et al., 2019).
Colorado State University (CSU) developed a new non-GMO trait in wheat
conferring tolerance towards quizalofop-P-ethyl (quizalofop), an acetyl Co-A
carboxylase (ACCase) inhibitor, also known as Aggressor®. A major benefit of
quizalofop is that it does not leave the long-lasting soil residual that Beyond® does, but
still controls the grassy weeds by inhibiting the ACCase enzyme. Quizalofop also has a
different site of action than imidazolinone and can help control ALS-resistant weeds.
CSU developed the new HR wheat through induced mutagenesis; therefore, it is a nontransgenic wheat. Ethyl methanesulfonate application was used to induce a DNA base
substitution of cytosine to thymine at position 2004, which caused an amino acid
substitution of alanine to valine in the ACCase enzyme making the herbicide unable to
bind to the enzyme. This enzyme is essential to create new organelle and cell membranes,
which is why it is a good target for herbicides (Ostlie et al., 2015). The mutation, named
the AXigen® trait, was induced in all three copies of the ACC-1 gene. Lines are either
homozygous resistant on the A and D genome or the B and D genome to confer a greater
level of tolerance to the herbicide.
The predominant wheat market class in Colorado is hard red winter wheat (HRW)
so the first CoAXium wheat cultivars developed by CSU were HRW wheat cultivars.
These cultivars were adapted to Colorado environmental conditions but not adapted to the
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growing environment in the PNW. This is especially true for diseases prevalent in the
PNW, such as stripe rust (Puccina striiformis) with the CSU cultivars showing
susceptibility to stripe rust. In order to bring CoAXium® wheat to the PNW, the AXigen®
trait will have to be introgressed into SWW cultivars that are adapted to the PNW.
However, it takes about 10-12 years of conventional plant breeding to develop a new
wheat variety from the first cross to release. This is due to the vast number of genes and
traits that are selected for through many generations during the breeding process,
including disease resistance and quality traits.
In order to quickly meet the need for new HR wheat, “speed breeding” techniques
as well as marker-assisted selection (MAS) can be used to decrease the time to develop a
PNW CoAXium® cultivar. Speed breeding is a concept that was introduced by Watson et
al. (2017) and includes various methods to increase the number of generations that can be
grown in a year. The concept of speed breeding is a critical idea that can aid in meeting
the growing global food demand while remaining non-GMO. MAS is useful for detecting
whether a plant is heterozygous or homozygous for a trait and on which genome(s) the
trait is present. This saves space in the greenhouse and time since only crosses to plants
carrying the resistance genes are made and all other non-resistant plants are eliminated in
the early growth stages.
Since wheat is a hexaploid carrying six sets of chromosomes from three related
species, there are up to six alleles of the ACC-1 gene that controls the production of
ACCase enzyme (two alleles per genome/donor species). With each additional resistance
gene, it is believed that the level of herbicide tolerance will increase. Even just one allele
can have 4- to 10-fold more tolerance to quizalofop compared to completely susceptible
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wheat plants (Ostlie et al., 2015). Focusing on homozygosity on two of the three genomes
would ensure that the trait is fixed on those two genomes giving the variety a high
tolerance level. The establishment of a standard screening method for CoAXium® to
select homozygous plants to advance in the breeding process can accelerate the
introgression of the herbicide resistance genes into elite lines by ensuring only high
quality, resistant cultivars are being selected. Further testing through a seed-based assay
and a plant level dose response can provide additional knowledge on the herbicide
tolerance of the new varieties. Overall, the development of wheat cultivars carrying
resistance to Aggressor® herbicide will enhance PNW wheat producers’ ability to manage
grassy weeds while expanding their options for cultivar selection for crop rotation to
optimize their economic return.
The objectives of this research are to:
1. Develop a seed or seedling-based screening method to facilitate introgression of the
herbicide genes into soft white winter wheat adapted to the PNW.
2. Perform a dose response study to evaluate the level of tolerance of plants carrying two,
three, and four copies of the resistance alleles to determine the rate of herbicide that
can be sprayed during field trials.
3. Determine the significance of the number of alleles and significance of genome
location of the resistance trait for level of herbicide tolerance.
4. Compare a “speed breeding” technique using soft white spring (SWS) wheat in the
first few backcrosses to a conventional backcross breeding scheme for introgression of
the resistance into PNW adapted germplasm to determine if the time to develop PNW
adapted HR cultivars can be shorted.
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Chapter 2: Literary Review

Herbicide Resistance in Wheat
Weeds cost US farmers alone billions of dollars each year from losses in crop
yield and quality, increased production costs, and deleterious health effects on humans
and animals (Nandula, 2019). These undesired plants cause higher yield losses compared
to diseases, viruses, and insects combined (Oerke, 2006). Globally, without proper weed
control, wheat production greatly suffers causing yield losses from 10% to 50%, with a
global average of a 23% (Oerke, 2006; Gharde et al., 2018). In addition, the rate of weeds
in a field exponentially increase after every season of poor weed management from the
germination of the numerous weed seeds that were produced from the previous year
(Wallinga et al. 2002). Lastly, if a high yield is not maintained, more land will be needed
for cultivation, which will lead to a loss of biodiversity and deforestation. However, with
crop protection, losses due to weeds can be reduced to 8% (Oerke, 2006). Therefore,
proper weed management is not only critical for annual yield and quality, but also for the
long-term management of agriculture and the environment.
Herbicide resistance (HR) in crops is crucial to effectively eradicate weeds from
fields without damaging the crop. Since the introduction of glyphosate-resistant
transgenic soybean (Glycine max (L.) Merr) and canola (Brassica napus L.) in 1996,
cotton (Gossypium L.) in 1997, and maize (Zea mays) in 1999, millions of hectares of HR
crops have been planted worldwide, but there are far fewer HR wheat varieties despite
the fact that wheat is a staple crop (Owen and Zelaya, 2005). The lack of HR wheat is not
because of low demand, but due to practical, economic, and political reasons. Wheat is an
allopolyploid with three genomes, A, B, and D, which severely complicates research
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towards genetic improvements. Within each genome, there can be differential rates of
expression of the same gene as well as complicated gene interactions. The same gene
present on each genome can be expressed equally, have a lower or higher rate of
expression on one genome, or even be completely silent on one genome and fully
functional on another (Mochida et al., 2004). Target genes in polyploids also have to be
further researched due to their higher potential of interactions with other genes compared
to diploids (Nadolska-Orczyk et al., 2017). Economically, transgenic wheat variety
releases may not have high enough returns, especially since the cost to produce a
transgenic cultivar is much higher than developing a cultivar through conventional
breeding. As a self-pollinated crop, there is a history of farmers saving seed, which
lowers royalty returns to the breeder (Ortega et al., 2019). Politically, there is also a
strong anti-GM wheat movement from governments and the public due to misconception.
Consequently, transgenic wheat has not been approved for commercial use.
Wheat improvement has been slowed due to the negative connotations and
complications of transgenic wheat; however, HR wheat varieties have been developed
through non-GMO methods. Tolerance towards an herbicide can be found in wild species
and/or created via mutagenesis. Since transgenic wheat has not been approved, any
current commercial HR wheat is a product of non-GMO methods. Seed mutagenesis is a
common method to create HR crops partially because mutagenesis is considered a nonGMO method and can easily be performed on a large number of seeds (Newhouse et al.,
1992; Ostlie et al., 2015).
Herbicide resistance in plants can be achieved through target site or non-target
site resistance. In target-site resistance, the target protein at the site of action has been
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modified to inhibit or decrease an affinity to an herbicide(s) (Devine and Shukla, 2000).
Non-target resistance, the more common form of resistance, is the detoxification or
sequestration of an herbicide by a plant during absorption and translocation before the
herbicide reaches the target site (Nakka et al., 2019). The source of non-target resistance
usually comes from single gene but may also include multiple genes, while target site
resistance is usually from a point mutation.
Enzymes such as cytochrome P450 monooxygenases (CYP450s) and glutathione
S-transferases (GSTs) are examples of enzymes that metabolize and detoxify certain
herbicides (non-target resistance) from plants, including wheat. However, wheat is more
sensitive to herbicides compared to other crops such as rice (Oryza sativa), maize, and
soybean and therefore there are only a few herbicides where wheat’s non-target resistance
mechanisms can prevent chemical injury (Nakka et al., 2019). This sensitivity only
exemplifies the need for novel HR wheat cultivars. Common herbicides used with wheat
are synthetic auxins, acetyl CoA carboxylase- (ACCase), acetolactate synthase- (ALS),
microtubules-, photosystem II- (PS-II) and long chain fatty acid synthesis-inhibitors.
Chemical injury from an herbicide on wheat can come in many forms such as chlorosis,
necrosis, reduced tillers, and wilting depending on the herbicide mode of action (Hatzios,
2003).
CYP450s are heme-containing monooxygenases that have anabolic and catabolic
functions. Plants use the catabolic mechanisms to detoxify herbicides and other toxic
compounds (Schuler, 1996). GSTs also have multiple functions from plant growth and
development to cellular metabolism and detoxification (Marrs, 1996). There are three
different classes of GSTs (I, II, and III) which confer tolerances to different herbicides.
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One of the reasons why wheat is more susceptible to certain herbicides than other crops is
because it has a lower level of type I GST production (Milligan et al., 2001). However,
safeners can be applied to increase tolerance. Safeners are protective compounds that can
enhance HR in a species by increasing detoxification of the herbicide from the plant
(Hatzios and Burgos, 2004). Maize has a high level of production of type I GST, and
therefore has a higher metabolism of certain herbicides such as chloroacetanilide
herbicides. When a cDNA encoding a maize type I GST subunit was introduced to wheat
via particle bombardment, all recovered wheat lines showed increased tolerance to three
chloroacetanilide herbicides (Milligan et al., 2001). However, without the maize type I
GST gene, safeners were required to prevent herbicidal injury.
Clearfield® Wheat: Imidazolinone is a post-emergence, broad-spectrum herbicide (grass
and broadleaf weeds) that provides in-season residual weed control. It can control some
of wheat’s most troublesome weeds such as jointed goatgrass (Aegilops cylindrica Host.),
feral rye (Secale cereal), Italian ryegrass (Lolium multiflorum ssp. multiflorum (Lam.)
Husnot), downy brome (Bromus tectorum L.) wild oat (Avena fatua L.), and other winter
annual grasses that account for millions of dollars in losses due to reduced yield and
quality (Johnson et al., 2002). BASF developed an imidazolinone resistant wheat cultivar
through induced chemical seed mutagenesis using ethyl methanesulfonate (EMS) on a
French wheat cultivar, ‘Fidel.’ HR Fidel was then used to breed the HR gene into US
wheat lines that were later released in 2001 as part of the Clearfield® wheat production
system (Newhouse et al., 1992; Johnson et al., 2002). Before Clearfield® wheat, there
was no effective way to control these grassy weeds with herbicides since they have a
similar life cycle and physiology as wheat.
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Clearfield® wheat carries resistance to imidazolinone herbicides, such as Beyond®
(imazamox), through the S653N mutation known as Imi1 on the long arm of chromosome
6D (Newhouse et al., 1992; Tan et al., 2005). As a Group 2 herbicide, imidazolinone is an
acetolactate synthase (ALS) inhibitor and can provide broad spectrum weed control at
low rates with flexible timing of application (Newhouse et al., 1992). ALS is an enzyme
that catalyzes the first step in the biosynthesis of the branched-chain amino acids leucine,
valine, and isoleucine. The mutation caused an amino acid change of a serine to
asparagine substitution at amino acid position 653 in the ALS protein, therefore the
herbicide cannot bind to ALS, and the enzyme remains functional (Nakka et al., 2019).
When ALS is inhibited, plant growth is quickly deterred as susceptible plants are
deprived of those essential amino acids (Devine and Shukla, 2000). Since mammals do
not produce branched chained amino acids, imidazolinone herbicides have low
mammalian toxicity (Ball and Peterson, 2007). Before Clearfield® wheat there was also
Clearfield® corn, sunflower (Helianthus annuus) , and canola (Brassica napus)
(Newhouse et al., 1992).
The first PNW Clearfield® cultivars were released in 2003. By 2006, there were
an estimated 150,000 ha of Clearfield® wheat planted in the PNW. The original cultivars
carried only one gene of resistance, the Imi1 gene on the D genome, which is a partially
dominant nuclear gene (Newhouse et al., 1992; Pozniak and Hucl, 2004). Ball and
Peterson (2007) confirmed that the S653N mutation on chromosome 6D provided
sufficient resistance during a multi-location and multi-year study. With only one
resistance gene, Clearfield® wheat's tolerance is limited and the combination of herbicide
application and environmental stressors made it more difficult for Clearfield wheat to
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fully recover post-application. For example, Clearfield wheat that was sprayed at the
upper end of the recommended rate that was exposed to a colder winter had significantly
more chemical injury compared to the plants that were sprayed at the lower end of the
recommended rate. Spring wheat also received significantly more chemical injury at the
upper end of the recommended rate, even without the stress of a low temperatures.
Therefore, it was clear that higher tolerant Clearfield® wheat cultivars were needed if the
production system was going to be successful with spring wheat and through colder
winters.
Pozniak and Hucl (2004) identified three independent mutations on the D, B, and
A genome known as Imi1, Imi2, and Imi3, respectively that lead to moderate to high
tolerance in spring wheat. It was discovered that there is an additive effect for herbicide
tolerance when the resistant genes were present on two of wheat’s three genomes
(Hanson et al., 2006; Ball and Peterson, 2007). The level of tolerance varies between the
resistance genes. For example, cultivars that carried resistance only on the Imi2 locus had
more chemical injury at the upper end of the recommended rate of 52.5 g active
ingredient ha-1 (Hanson et al., 2006; Ball and Peterson, 2007). This is at least partially
due to the 10% higher ALS enzyme activity for cultivars that carry the Imi1 gene
compared to the Imi2 gene based on an in vitro assay (Hanson et al., 2006). Eventually,
two gene Clearfield® cultivars were released, known as “Clearfield Plus” or “Clearfield
+” that have either the Imi1 and Imi2 or the Imi1 and Imi3 mutations.
While ALS inhibitors have provided effective weed control in the past, their
extensive use has led to the evolution of HR weeds (Devine and Shukla, 2000). High
frequency of herbicide application to control weeds creates a strong selection pressure
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where weeds that are naturally resistant to the herbicide survive and reproduce. In
addition, wheat shares the D genome with jointed goatgrass and therefore there is the risk
of hybridization as the HR genes are found on A and D or B and D genomes. Hybrid
imidazolinone resistant jointed goatgrass was first discovered in the late 1990s in a
Clearfield wheat plot that carried the Imi1 gene (Seefeldt et al., 1998). Since Clearfield
crops have been in production since the early 1990s and ALS inhibitors were used long
before that, ALS resistant weeds have become the most common form of HR weeds
(Heap, 2014; Nakka et al., 2019)
Another issue with imidazolinine herbicides is that they have the potential to have
a soil residual for 12 to 18 months depending on the environment which greatly limits
what can be grown in a field after a Clearfield® crop (Alister and Kogan, 2005; Süzer and
Büyük, 2014; Shaner and O’Connor, 2017). This hinders those who grow Clearfield
crops economically since they have to leave their fields fallow or plant another
Clearfield® crop. Sugar beet (Beta vulgaris L.), chili pepper (Capsicum annuum L.), and
tomato (Solanum lycopersicum L.) are examples of crops that are highly sensitive to ALS
inhibitors even after being sown 300 days after herbicide application (Moyer and Esau,
1996; Alister and Kogan, 2005; Shaner and O’Connor, 2017). Non-Clearfield wheat and
barley (Hordeum vulgare) can also show sensitivity to soil residual (Alister et al., 2005).
Süzer and Büyük (2010) found normal yields and stand establishment following
Clearfield® sunflower for SWW wheat and barley, but the higher tolerance could be due
to different soil conditions that translate to higher degradation rates such as higher
temperatures, and/or higher rainfall. In the same study, winter oil seed rape (Brassica
napus) planted four months after herbicide application had stand establishment and seed

14

yield decrease by 35.7 and 23.3% and sugar beet planted nine months after herbicide
application had stand establishment and yield decreases of 26.7 and 11.6% respectively.
However, with a longer period in between Clearfield sunflower and winter oil-seed rape
or sugar beet, there was not a significant difference in yield compared to untreated plots.
Although wheat-fallow is a common and effective rotation, adding another crop into the
rotation could be beneficial (Shahzad et al., 2016; San Martín et al., 2019). Even in the
wheat-fallow rotation, if the soil residual lasts more than 12 months, non-Clearfield®
wheat or barley cannot be planted which is common to prevent the evolution of HR
weeds. An ideal herbicide would be one that could be applied to control a range of weed
species and have little or no soil residual.
CoAXium® Wheat: The CoAXium® wheat production system was co-launched by
Albaugh LLC, Colorado State University (CSU), Colorado Wheat Research Foundation,
and Limagrain Cereals Seeds in 2017 (Nakka et al., 2019). CoAxium® wheat is resistant
to an ACCase inhibitor herbicide, quizalofop-p-ethly (quizalofop), or Aggressor®.
Quizalofop fits the criteria for an ideal herbicide since it does not have the long-lasting
soil residual that Beyond® does, but still controls the grassy weeds such as cheatgrass and
jointed goatgrass by inhibiting the ACCase enzyme. CSU developed the new herbicide
resistant wheat through induced chemical seed mutagenesis. An ethyl methanesulfonate
(EMS) application induced a DNA base substitution of cytosine to thymine at position
2004 at the ACC-1 gene which caused an amino acid substitution of alanine to valine in
ACCase, making the herbicide unable to bind to the enzyme (Ostlie et al., 2015). The
mutation was induced in two of the three copies of this gene found in wheat to confer a
greater level of tolerance to the herbicide. ACCase is essential to create new organelle
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and cell membranes making it a good target for herbicides. Three accessions, one with a
mutation on each genome, were identified as having good herbicide resistant traits based
off of a plant level dose response study with the accession with the mutation on the A
genome conferring the highest level of resistance and the B genome accession conferring
the lowest. The LD50s for the A, B, and D accessions were 65.3, 23.7 and 38.2 g ai h-1,
respectively, compared to 10.2 for the control susceptible variety (Ostelie et al., 2015).
CSU developed this herbicide resistance in hard red winter wheat cultivars that
are adapted to Colorado environmental conditions, but not adapted to the growing
environment in the PNW. The PNW cultivars (currently under development) will need to
carry resistance to PNW diseases such as stripe rust (Puccina striiformis) and be shorter
in order to prevent lodging due to the higher rainfall in the area. They will also need the
end-use quality of the predominant market class of wheat grown in the region, soft white
winter wheat.
It was reported that the performance trials in 2018 were a success when
CoAXium® wheat treated fields were compared to untreated fields in Washington State
(“CoAXium Wheat Production System for controlling grassy weeds in wheat, 2018”). At
10 oz quizalofop acre-1, the treated fields averaged 64.7 bu/acre, while the untreated plot
yielded 42.6 bu/acre. The recommended field rates are 8-12 oz herbicide gal -1. These
cultivars were homozygous resistant on the A and D genome for increased tolerance
(“CoAXium Wheat Production System for controlling grassy weeds in wheat, 2018”).
Two CoAXium® hard red winter varieties were released in 2018, ‘Incline AX’ and ‘LCS
Fusion AX’, both homozygous resistant on the A and D genome, but suited for the
Colorado environment. Other cultivars containing the AXigen® trait are being developed
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by the public and private sector for a more regionally developed selection for growers
(Nakka et al., 2019). The CoAXium production system allows growers to diversify their
weed management tactics since Aggressor herbicide has a different mode of action than
Beyond. Being able to rotate herbicides with different modes of action is a major way
growers can prevent HR weeds (Beckie et al. 2009).
ACCase inhibitors are Group 1 herbicides that kill or injure plants by inhibiting
the biosynthesis of plasma membranes. ACCase catalyzes the first step in fatty acid
biosynthesis of cell membranes in the chloroplasts through a two-step process that
transforms acetyl-CoA into malonyl-CoA. Malonyl-CoA is a vital intermediate in other
metabolic pathways such as the biosynthesis of flavonoids (Koes et al., 1994). ACCase
inhibitors inhibit the carboxyl transferase activity of the enzyme in the second step
(Burton et al., 1991). Quizalofop is a post-emergence herbicide with chemical injury
symptoms that include chlorosis of newly formed leaves, necrosis, and deadheart.
The first ACCase resistant crop was maize in the early 1990s. It is resistant to sethoxydim
and haloxyfop due to an increase in ACCase production (Parker et al., 1990).
There are three different chemical families of ACCase inhibitors:
aryloxyphenoxypropionate (FOPs), cyclohexanedione (DIMs), and phenylpyrazolin
(DENs). Quizalofop is in the FOP chemical family (Takano et al., 2019). The herbicide is
absorbed through foliage and translocated to the meristematic tissues through the phloem
(Gabor Kukorelli et al., 2013). There are other forms of FOP target site resistant crops,
but the base substitution of C to T at position 2004 in CoAXium® wheat is novel (Yu et
al., 2007; Ostlie et al., 2015). Kaundun et al. (2012) studied a ryegrass (Lolium
multiflorum) population that was found to have broad resistance to ACCase inhibitor
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herbicides. Similar to CoAxium®, they found that a single nucleotide mutation at position
2088 caused resistance to ACCase herbicides due to a change in the herbicide’s binding
site. ACCase inhibitors are not effective on dicots because they carry a prokaryotic form
of ACCase that is multi-subunit. Poaceae monocots carry the eukaryotic form and are
sensitive to these herbicides, but they are ineffective on other monocots that also carry
the prokaryotic type such as the Cyperaceae family (Devine and Shukla, 2000; Kukorelli
et al., 2013). There are two forms of ACCase, plastidic and cytosolic. CoAXium wheat
has the plastidic form altered, as do most resistant weeds and other crops that are resistant
to ACCase inhibitors. The ACCase enzyme is coded through one major nuclear gene,
ACC-1, and therefore only one mutation in the gene is enough for resistance (Betts et al.,
1992). Without a mutated ACC-1 gene wheat can have a higher tolerance to certain
ACCase inhibitors when used with safeners, however, quizalofop is a broad-spectrum
herbicide that is used to control grassy weeds so safeners cannot be used (Hacker et al.,
2000; Ostlie et al., 2015).
Herbicide Resistant Weeds
Although CoAXium® is a new source of HR for wheat, there are biotypes of
weeds such a cheatgrass (Ball et al., 2007) that already carry resistance to ACCase
inhibitors; some species even have resistance to multiple Group 1 herbicides (Kaundun et
al., 2012). In 2013, there were 42 different species that reportedly carried resistance
towards ACCase inhibitor herbicides, making Group 1 herbicides the third highest form
of weed resistance (Gabor Kukorelli et al., 2013). When the same herbicide is the sole
weed management practice, HR weeds shortly follow. Weeds that have a high
reproduction rate, are genetically diverse, and are outcrossing species are especially
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prone to quickly evolving resistance (Kaundun et al., 2012). Resistance can come from
target and non-target site forms. Non-target is usually due to the increase of CP450
monooxygenases, GST activity, or an increased activity of the ACCase enzyme (Hidayat
and Preston, 1997; Cocker et al., 2001; Beckie et al., 2012; Gabor Kukorelli et al., 2013).
Target site resistance is more common through an amino acid change via base
substitutions in the ACC-1 gene (Tardif et al., 1996; Seefeldt et al., 1998). The most
common mechanism of resistance for weeds is through point mutations leading to an
amino acid substitution in the target protein (Nakka et al., 2019).
There are also cases where weeds are resistant to both ACCase and ALS
inhibitors. These plants carry either cross resistance, in that a single trait expresses
resistance towards herbicides from different chemical classes, or multiple resistance,
where there is more than one trait being expressed conferring herbicide resistance.
Multiple resistance can include resistance to either one or multiple herbicide classes.
Weeds that are resistant to multiple herbicide classes are usually due to increased
metabolic activity and detoxification of herbicides (Hidayat and Preston, 2001). Since
there has only been minimal developments of novel herbicides in the past three decades,
there are not only more HR weeds, but also more events where weeds carry multiple
resistance or cross-resistance (Beckie et al., 2012; Heap, 2014; Shergill et al., 2016).
Bailly et al. (2012) discovered a black-grass (Alopecurus myosuroides) population in
France that had evolved resistance to both herbicides through independent events. They
found effective control with pre-emergence herbicide application to control double
resistant black-grass. However, this form of weed control will only last until a blackgrass population becomes resistant to the pre-emergence herbicide as well. Italian
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ryegrass has evolved resistance to herbicides Group 1, 2, 7, 9, and 15 throughout Oregon
(Peachy et al., 2015; Liu et al., 2016). Cross-resistant Italian ryegrass has become a
common occurrence around the world due to increased reliance on post-emergence
herbicides from varying chemical classes (Brunharo and Hanson, 2018).
Neve and Powles (2005) argue that too little attention has been paid to polygenic
effects of HR weeds. Some weed populations may carry HR traits even before a
population has ever been exposed to the herbicide. This may be due to non-target
resistance, target resistance, or the accumulation of minor genes that lead to resistance. In
addition, herbicide applications at low doses may actually contribute to stronger herbicide
resistance through recurrent selection, even after just three selections, by selecting for
‘generalist’ resistance mechanisms (Neve and Powles, 2005). These sub-lethal doses
enable rapid resistance evolution, especially in cross-pollinating species, since all plants
with at least some level of resistance survive (Neve and Powles, 2005). Different rates of
expression for resistance genes within a population and low doses can also select those
with the higher rates of detoxification such as through increased expression of CP490s or
GSTs (Preston and Powles, 2001). These ‘generalists’ have the capacity to resist injury
from a wide range of herbicide mode of action. This is because at low doses, a larger
sample with a diverse set of resistance mechanisms survive and therefore all of these
mechanisms are selected. Whereas at higher doses, only those with strong resistance
genes, usually target site or single site mutation, have resistance outside of the normal
range and survive (Powles and Yu, 2010). When weeds carry a form of a high resistance
mechanism, there is usually a quick, dramatic shift of weed populations and their
populations rapidly increase (Neve and Powels, 2005). Kaundun et al. (2012) also
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concluded that non-target site polygenic mutations leading to low levels of resistance are
also overlooked. Hidayat and Preston (2001) studied a hairy crabgrass (Digitaria
sanguinalis) population that had cross-resistance to fluazifop-P-butyl and imazethapyr
(ACCase and ALS inhibitors) but had only ever been exposed to fluazifop. Although it is
difficult to say where the ALS resistance came from, this is a potential example of a
‘generalist.’
With the increasing number of HR weeds and the demands to be able to test and
identify those HR weeds, many new resistance-testing protocols besides whole plant dose
response have become available. While whole plant dose responses can provide similar
or identical results to what one would find in a field, these newer tests can identify the
exact source(s) of resistance. Molecular techniques to identify the exact source(s) of
resistance have become more common (Burgos et al., 2013). There are also studies that
look into the mechanisms of resistance which can vary greatly even within a population
(Beckie et al., 2012; Neve and Powels, 2005). Nonetheless, it is important for growers to
monitor their fields for potential HR weeds and send any possible suspects to a lab for
further testing. Seed, whole plant level, leaf disc, pollen germination, DNA-based
(molecular markers, DNA sequencing, and SNP) assays are all options that can test for
the presence of resistance, but not necessarily the mechanism of resistance.
The development of HR weeds is also affected by genetic factors such as
frequency of point mutations, frequency of resistance alleles, number of resistance genes
in an individual, dominance of resistance genes, and fitness cost of resistance genes
(Powels and Yu, 2010). If the frequency of the resistance genes is not high enough, the
resistant weed population may not survive past one or two generations. There is also the
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chance that there is a high fitness cost of carrying the resistance gene, or a resistance gene
might increase fitness such as by increasing ACCase activity. Cross-pollination, high
fecundity, longevity in soil seedbank, and high seed/pollen mobility can also increase the
chance for a weed to develop resistance. One of the most influential factors is crosspollination and seed/pollen dispersal as that greatly determines the spread of the
resistance gene. However, most of the grassy weeds that cause a problem in wheat
production are self-pollinated with a relatively short dispersal distance. If using a low
dose of herbicide causes more harm than good, a grower should use the herbicide at the
recommended rate to select against generalists or polygenic resistant weeds. Lastly, the
site of action and residual activity of an herbicide in addition to a grower’s practices such
as the doses used, timing of spraying, other weed control mechanisms, and environmental
factors, play an effect on the rate of resistance evolution as well (Powels and Yu, 2010).
Seed Assays for HR Crops
The introduction of Roundup ReadyTM (RR) soybeans emphasized the need for
accurate seed assays to detect resistant seeds. As more HR crops have become available,
many different assays have been developed and studied. The most commonly used assays
for detecting HR traits are seed soak (SS), seed imbibition (SI) and seedling spray. In
seed soak, seeds are soaked in an herbicide solution for a certain amount of time and then
planted on germination paper wetted with water. In substrate imbibition (SI), seeds are
planted on a medium that contains an herbicide solution. For seedling spray, seedlings are
allowed to grow in a germinator for a specific period of time and then sprayed with an
herbicide. At the end of the test period, seedlings are classified into trait, non-trait or nondetermined (Elias et al., 2012).
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Seed assays are critical in order to quickly detect HR seedlings during the cultivar
development. When a new herbicide or HR crop is being developed, a dose-response test
should be instituted, with known susceptible and resistant checks, to establish a tolerance
baseline and a discriminatory dose (Burgos, 2015). There are many different forms of
herbicide seed assays, such as Murashige and Skoog (MS) media method, SI, SS,
hydroponic, soil-based, DNA based, and enzyme assays, each with their own strengths
and weaknesses (Cutulle et al., 2009). The MS media bioassay, where an herbicide
solution is mixed with the media is an efficient and easy method that resulted in the
fewest confounding variables when compared with other methods, according to Cutulle et
al. (2009). The clear container and media facilitate visual observations and ease the
process of root and shoot measurements. The seeds are also surface sterilized and
germinated in a sterilized environment which excludes fungal pathogens from interfering
with the assay. A soil-based assay, where the seeds are grown in a lab, but planted in
native soil, exposes seeds to an environment that is more similar to a field. Other factors,
such as soil pH and soil type with the herbicide can be tested with the herbicide, however
a trial that isolates the herbicide variable should be conducted as well (Cutulle et al.,
2009). Seed bioassays are physiological tests, where a cultivar’s performance under the
herbicide exposure can be observed. DNA based assays can deliver fast results, a few
hours compared to a week or longer, for a large sample when leaf tissue is available.
DNA assays, however, only indicates whether a resistant gene is present and requires
expensive equipment to perform the test. Molecular markers are also less useful when it
comes to quantitative traits, such as non-target HR. There is also the chance that the
marker is inaccurate, or the gene is present, but is not being expressed or does not confer
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a high tolerance. These factors can only be tested in a bioassay. Enzyme assays are
complex, time consuming, and may require a lot of plant tissue. These assays are more
useful to test the mechanism of resistance, such as detecting target site resistance, than
the presence of a resistance trait and would ignore non-target site resistance or resistance
to multiple herbicides (Burgos, 2013). Results may vary depending on which assay is
performed. It is important to use known susceptible and resistant checks, and to remain
consistent in which assay a lab uses (Cutulle et al., 2009). Performing spray tests at the
plant level will give accurate results for a population or an individual’s tolerance level,
however these tend to be more time, space, and resource consuming.
Ideal herbicide assays should be quick (faster than whole plant assays), simple,
inexpensive, and done on a large sample size (Copeland and McDonald, 2001). Tillmann
and West (2004) developed a seed bioassay to detect resistance in RR soybeans. They
performed versions of SS and SI assays for a dose response to test the lowest
concentration of herbicide that would produce accurate results in order to limit the
analyst’s exposure to the herbicide. They found that even the lowest dose used (0.6%
active ingredient) worked well as a discriminatory dose between resistant and susceptible
seedlings after six days for SI and 0.12% active ingredient after three days for SS.
Breccia et al. (2017) developed a SI protocol that can detect imidazolinone resistant
(Clearfield) wheat in five days. Both of these assays are examples of what other
laboratories globally follow to detect the appropriate HR trait. They also followed
protocol of performing a dose response to find the lowest herbicide concentration that can
be used as a discriminatory dose for an assay that is cost-efficient, simple, and quick.
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Speed Breeding
The growing global population and climate change both create a huge demand for
novel crop varieties in order to sustainably feed the world. However, conventional plant
breeding is a slow process with long generation time, number of generations and the
multi-year testing that needs to be completed before release (Watson et al., 2017). The
current improvement rate of crops is too slow to keep up with the demand of an increased
food supply. Genetic modification techniques can take years off of cultivar development
time, but the public disapproval of this technology does not always make this an option.
GMO wheat has never been approved for commercial use, even though it has the
potential to greatly improve wheat, especially to combat environmental stressors.
However, new “speed breeding” strategies that would still qualify as conventional nonGMO breeding methods are being developed to decrease the time it would take to
complete a breeding scheme.
Speed breeding is a concept that was introduced by Watson et al. (2017) that
includes various methods to increase the number of generations that can be grown in a
year for breeding or research purposes. For winter wheat, only one to two generations a
year can be produced under normal conditions due to its vernalization requirements for
flowering. Several crosses may be needed to combine the desired traits and then up to ten
generations of self-pollinations and selection to produce a stable and uniform variety.
With speed breeding methods, the number of generation of spring wheat was increased
from two to six generations in a year. This was done by exposing the plants to 22 hours
of light/2 hours of darkness in a greenhouse. The two hours of darkness was used to
maintain a circadian rhythm. These plants reached anthesis in about half as much time as
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the conventional growing method (12 hours light/12 hours darkness) and achieved more
synchronized anthesis which is necessary for crossing (Watson et al., 2017). Crosses
were made during the study and the plants under the speed breeding conditions produced
viable seeds. In addition, low cost LED lights were used, making this a very practical
way to decrease breeding time. This can take years off of a breeding project and at a low
cost. Wheat seeds were also harvested before maturity, 14 days after anthesis, and then
exposed to a 4-day cold treatment. The early harvest seeds were viable, indicating that
generation time could be further decreased. Other methods can include higher
temperatures (but not so high that the plant’s performance is hindered), smaller pots to
restrict resources which leads to faster maturation, and multiple trait selection through
phenotypic selection, marker assisted selection (MAS) or genomic selection (GS).
Alahmad et al. (2018) used speed breeding methods with durum wheat (Triticum
durum Desf.) by applying multiple trait selection and increased photoperiod to shorten
the generation time. They developed a screening method to phenotypically select multiple
traits including root system architecture, leaf rust (Puccinia triticina) resistance, crown
rot (Fusarium pseudograminearum) resistance, and plant height in the same generation.
They were able to simultaneously shift the population means for all traits except plant
height. While MAS can be a very useful tool, markers are not always accurate for
polygenic traits or may not be available. Many important traits, such as disease
resistance, are quantitative, and MAS is not always available or accurate for these traits
(Heffiner et al., 2009). Screening in greenhouses through phenotyping by exposing plants
to certain stressors, such as disease inoculation, is an effective selection method while
still in the early breeding stages. Breeding programs can use multiple trait selection and
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the increased photoperiod method to greatly decrease the breeding time by years.
Continuing to discover novel speed breeding tools and methods will increase the number
of options for plant breeders to speed up their own breeding schemes and can choose
which methods are best for their research.
The decreased cost of sequencing and the generation of novel sequencing
platforms has made high-density genome-wide markers more available for various crops
and breeding programs (Patel et al., 2015). Genomic selection uses genome-wide markers
to estimate breeding values through analyzing phenotypic and high-density marker scores
(Heffner et al., 2009). It allows for multiple trait selection in a single generation by using
all the marker information in a prediction model. Genomic selection overcomes two of
MAS biggest limitations: the biparental mapping populations used in most QTL studies
do not readily translate to breeding applications and the statistical methods used to
identify target loci and implement MAS are not suitable for polygenic traits (Heffiner et
al., 2009). However, there are cases where MAS is better suited for some traits and can
provide more accurate results than GS (He et al., 2014b). Genomic selection could be
used for multiple trait selection and be included as a speed breeding method, but the cost
of GS is still too high for most breeding programs to regularly use.
Marker assisted selection has recently grown in popularity due to the increasing
accuracy and decreasing cost of the technology. Markers can be used to select for target
traits that cannot be phenotypically selected, alleles that are not easily assayed in
individual plants, minimize linkage drag, pyramiding genes, and can reduce the number
of generations needed to recover a high percentage of the recurrent parent in a backcross
breeding scheme (Holland, 2004). The most successful applications of MAS are through
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accelerated selection during backcross introgression of a trait (Holland, 2004; Xu and
Crouch, 2008). Compared to conventional breeding, MAS is much faster, only the
desired traits are selected, leading to fewer breeding cycles. The alleles selected for with
MAS are those that have large effects and have relatively simple inheritance (Hanson et
al., 2006). Herbicide resistance is an example of a monogenic trait that can have simple
inheritance and be introgressed into many other varieties that would benefit from it.
Single nucleotide polymorphisms (SNP) are a more recent generation of
molecular markers that are popularly used with MAS. They are single base changes in a
sequence and are the most abundant source of variation in plant and animal genomes. The
high density of SNPs increases the probability that at least one SNP will be polymorphic
at the gene of interest or nearby (Rafalski, 2002). Previous markers, such as restricted
fragment length polymorphisms (RFLP) and amplified fragment length polymorphisms
(AFLP), were at best closely linked to the loci of interest and could potentially be lost if
the marker was applied to a different population containing different recombination
patterns (Xu and Crouch, 2008).
Limitations with MAS include the lack of ability to select for polygenic traits
since quantitative trait loci (QTL) mapping techniques are not accurate enough, as
previously stated. DNA extraction is an added cost with MAS or GS, which can be time
consuming and laborious especially when dealing with large number of individuals. The
cost of polymerase chain reactions (PCR) has declined over time and new PCR
technologies such as TaqmanTM (Thermo Fisher Scientific, Waltham, MA) and
Kompetative Allele Specific Polychain Reaction (KASPTM; KBioscience and LGC
Limited, Hoeesdon, UK) have reduced the time it takes to get results. Conventional
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breeding is still cheaper than MAS, however the time saved using MAS in recurrent
selection or backcrossing is invaluable and should be utilized if available.
The development and practice of speed breeding can greatly impact research and
development of major crop varieties, but also provides the opportunity for orphan crops
to “catch up” to staple crops. Most speed breeding techniques are simple and
inexpensive, making them accessible to less affluent breeding programs or agricultural
centers. Most orphan crops are grown in developing countries and are primarily exported
as niche food supplies but are still important to the developing economies from which
they came from. Due to the lack of research and breeding programs, orphan crops tend to
be in the earlier stages of domestication. For example, they may not have synchronized
flowering, have long juvenile periods, or a low yield (Lemmon et al., 2018). However,
orphan crops are important to provide nutrition to poor countries, income for farmers, and
diverse farming (Chiurugwi et al., 2019). Many orphan crops carry unique traits such as
higher drought, pest tolerance, and nutritional makeup (Naylor et al., 2004). Therefore,
not only is there a great need for orphan crop improvement, but they have a huge
improvement potential. Studying these crops will not only lead to improvement of the
crop for the world’s poorest farmers, but their germplasm could be used to improve some
of the world’s staple crops.
Speed breeding has begun in orphan crops such as with chickpea (Cicer arietinum
L.;Watson et al., 2018), peanut (Arachis hypogaea; L.,Stetter et al., 2016), and amaranth
(Amaranthus spp.; Stetter et al., 2016). The main component of these speed breeding
techniques is the controlled environment (photoperiod, temperature, and humidity). The
benefit of this is that small-scale breeding programs can employ speed breeding utilizing
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a greenhouse and no large amount of land is needed. However, plants are grown in a
highly controlled area, where there is the potential for equipment failure or easy spread of
diseases or pests, both of which have a potential for higher impact in a developing
country where orphan crops reside (Chiurugwi et al., 2018). If research of orphan crops is
to take place in the developing countries, it is important to make sure there are simple
protocols that can be employed under limited resources and experience. Chiurugwi et al.
(2018) describe two solutions, speed breeding capsules and speed breeding centers. The
capsules would be small temperature and light controlled environments, with irrigation
systems and greenhouse benches made out of old refrigerated shipping containers. These
units could be easily shipped and constructed to provide breeding programs with limiting
funding an opportunity to perform speed breeding techniques. The speed breeding centers
would be regionally based and work with orphan crop researchers to train and provide the
equipment needed for speed breeding.
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Chapter 3: Evaluation of Bioassay Methods to Screen for Tolerance to Quizalofop
Herbicide in Winter Wheat
Abstract
CoAxium® wheat (Triticum aestivum L.) conferring tolerance to quizalofop-p-ethyl
(quizalofop or Aggressor®; 10.3% Ethyl (R)-2-[4-(6-chloroquinoxalin-2-yloxy)-phenoxy]
propionate)) herbicide was developed, along with a bioassay to quantify the level of trait
seeds in a sample. The objectives of this study were: 1) compare a current seed soaking
(SS) method with a substrate imbibition (SI) bioassay in the precision of detecting the
AXigen® trait in two genotypes, CO14A050 (homozygous resistant-A/D genomes) and
CO14A136 (homozygous resistant- B/D genomes), 2) develop criteria to distinguish
between trait and non-trait seedlings based on chemical injury through standard
germination (SG), linear length (LL) and dry matter content (DMC) tests. Aggressor®
solutions of 0.0, 3.0, 4.0, and 5.0 µM were used in SS and SI bioassays. The soft white
winter wheat (SWW) variety Bobtail was used as a susceptible control. For SS, 96.5%
susceptible Bobtail seedlings were categorized as non-trait at 3.0 µM and 100% at 4.0
and 5.0 µM (P>0.001). CO14A136 showed significant chemical injury (P>0.01)
compared to CO14A050 at 5 µM. Susceptible seedlings did not show significant
chemical injury for SI method. Trait seedlings were found to have a healthy root and
shoot system and no discoloration. Non-trait symptoms included slim or stubby weak
roots, missing primary root and/or only a few weak, short seminal roots, deformed, small,
pale leaves and/or shredded coleoptile. Modified seedling evaluation criteria of the
current bioassay protocol to include more than root length were suggested to achieve
accurate trait determination. In SS, the SG, LL, and DMC were lower for non-trait
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seedlings (P >0.01). In the SI method, the difference between trait and non-trait seedlings
were not clear. It was concluded that the SS method at a rate of 5 µM is suitable for
identifying seeds with the resistant trait.
Abbreviations: CSU, Colorado State University; DAP, days after planting; DMC, dry
matter content test; HR, herbicide resistant; LL, Linear length of seedlings; OSU,
Oregon State University; PNW, Pacific Northwest; SG, standard germination test; SI,
substrate imbibition method; SS, seed soaking method.

Introduction
Herbicide resistant (HR) wheat cultivars (Triticum aestivum L.) are in high
demand as they are an effective form of weed control and practical for large farms, such
as wheat farms in the Pacific Northwest (PNW). However, there are far fewer HR wheat
varieties compared to other major crops, such as soybean (Glycine max L.) and maize
(Zea mays L.) (Nandula, 2019). Colorado State University (CSU) developed a new HR
wheat, CoAXium®, which is resistant to Group 1 quizalofop-P-ethyl herbicide (10.3%
Ethyl (R)-2-[4-(6-chloroquinoxalin-2-yloxy)-phenoxy] propionate), an ACCase inhibitor,
also known as Aggressor® (Ostlie et al., 2015). The HR trait, AXigen®, was only
introgressed into Colorado wheat lines, which are not suitable for the PNW due to the
lack of resistance towards local diseases such as stripe rust (Puccina striiformis) and
proper straw strength and height to prevent lodging from the higher level of precipitation
in the PNW. There is a high demand for CoAxium® wheat varieties that can be grown in
the PNW because the only other HR wheat cultivar is Clearfield® wheat. Clearfield®
wheat is resistant to Beyond® herbicide, an acetolactate synthase (ALS) inhibitor.
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However, the herbicide used with Clearfield® wheat, Beyond®, can have a soil residual of
up to 18 months depending on environmental conditions, severely limiting growers on
what they can plant following a Clearfield® wheat harvest (Alister and Kogan, 2005;
Süzer and Büyük, 2014). Oregon State University (OSU) started a breeding project to
introgress the AXigen® trait into PNW wheat lines in 2017. With PNW adapted HR
breeding lines under development, proper seed evaluation criterium needs to be
established to facilitate selection and ensure the highest quality seeds are being produced.
The selection of an herbicide bioassay is the most critical step in developing a
program to screen, monitor, and evaluate herbicide resistance (Beckie et al., 2000). A
genetic marker or DNA-based assays may indicate that the HR trait is present, but not if
any other necessary mechanisms are present to provide expression of tolerance (Burgos et
al., 2013). In addition, the same trait can have different rates of tolerance depending on
the genome (A, B, or D) location in wheat, which can only be tested through
physiological or phenotypic tests such as with seed bioassays (Mochida et al., 2004). An
herbicide bioassay can monitor seed viability and vigor during herbicide exposure to
ensure the proper expression of genes and commercially acceptable herbicide tolerance,
which a DNA-based assay cannot. By determining the appropriate bioassay, selection for
resistance as well as seed viability can be monitored throughout the breeding process and
beyond in a timely, cost effective manner.
When initially testing for HR, a dose-response test should be developed first to
establish a tolerance baseline and the discriminating dose (Burgos, 2015). A
discriminating dose is the minimum herbicide dose that creates the largest difference
between resistant and susceptible genotypes and causes at least 80 percent of susceptible
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genotypes to have chemical injury (Beckie et al., 2000). The discriminating dose is the
most important factor in a bioassay. However, the application of the test may vary
between laboratories, which is why it is important that trait and susceptible check control
samples are included in the evaluation. The methods for a seed assay vary depending on
the species, herbicide, concentration of the herbicide, and the method used. If the dose is
too low, there will be false positives, and if the dose is too high there will be false
negatives. Following proper exposure to the herbicide, an accurate evaluation of chemical
injury to distinguish between trait and non-trait seedlings by understanding the species’
morphological and physiological seedling growth is crucial to maintain the highest
quality of seed during the breeding program (Copeland and McDonald, 2001).
The current AXigen® trait test protocol, established by CSU, defines trait
seedlings as those that have a root length of 3.8 cm (1.5 inches) or longer after treatment
(Colorado State University, 2018). However, the Association of Official Seed Analysts
(AOSA) uses additional criteria that define abnormal seedlings resulting from chemical
injuries or any other factor (AOSA, 2014). Such criteria are slim or stubby weak roots,
missing and/or only a weak primary root, missing shoot, shredded coleoptile, missing
shoot and/or deformed, small, and pale leaves, in addition to root length. If a seedling has
proper root length but no shoot, that is not a healthy seedling and was most likely
affected by the herbicide and will not produce a normal plant in the field. The two
criteria, CSU and AOSA, were taken into account during seedling evaluation of this
study to determine which criteria should be followed.
The objectives of this study were: 1) compare the seed soaking (SS) and the
substrate imbibition (SI) bioassays in the detection of the AXigen® trait of two genotypes
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(A/D CO14A050 and B/D CO14A136), 2) develop morphological criteria to distinguish
between trait and non-trait seedlings based on chemical injury through standard
germination (SG), seedling linear length (LL), and seedling dry matter content (DMC)
tests. The development of an accurate laboratory seed screening method to evaluate
tolerance towards quizalofop will be used to select plants to advance in the breeding
process, accelerating the introgression of the HR genes into elite PNW wheat lines.
Materials and Methods
Seed Source: Three genotypes were tested, two resistant hard red winter (HRW)
genotypes, CO14A050 and CO14A136, and a susceptible soft white winter (SWW)
cultivar, Bobtail. The resistant genotypes tested were supplied by CSU and were either
homozygous resistant on the A and D genomes (CO14A050) or homozygous resistant on
the B and D genomes (CO14A136). The SWW cultivar Bobtail was developed by the
OSU wheat breeding program and released in 2013.
Initial Quality of Seeds: A SG was conducted to measure the viability of the seeds used
in the study. The test also served as the 0.0 µM concentration for the bioassay. Four
replications of 50 seeds each were germinated at 20 °C for 7 days according to AOSA
Rules for Testing Seeds (AOSA, 2019). After 7 days, the normal seedlings were counted
and recorded for each genotype.
Seed Soak (SS) Method: One of the objectives of this research was to validate the
AXigen® trait test protocol that was developed by CSU using the SS method and compare
it to the SI method. A stock solution was made by mixing 1.75 ml of Aggressor®
herbicide with 100 ml of distilled water, creating a 5000 µM solution. One ml of the

42

stock solution was added to 999 ml of distilled water to create the herbicide solution of
5.0 µM. The 3.0 µM and 4.0 µM solutions were also made by using less of the stock
solution with distilled water. A 0.0 µM solution (distilled water) was used as a control.
Four replicates of 50 seeds at each concentration (0.0, 3.0, 4.0, and 5.0 µM) were
placed in 50 mL beakers filled with the respective herbicide working solution and
covered for 24 hours at room temperature (21°C). The seeds were then removed from the
solution, rinsed with water and blotted dry with paper towels to remove any excess
herbicide solution. The seeds were planted on germination paper that was soaked with
water and placed about 1 cm apart. The paper was folded and rolled to keep the seeds in
place. The rolled germination papers were placed in plastic bags to retain moisture and
placed on racks in an upright position to ensure proper gravitropism response. The racks
were then placed in a plastic box located in a germination chamber for 7 days at 20°C. At
7 days after planting (DAP), the seeds were evaluated. The number of trait (normal
seedlings), non-trait (seedlings that had chemical injury from the herbicide solution),
non-determinate seedlings (those that could not be distinguished as trait or non-trait) and
dead seeds were recorded. Specific chemical injury symptoms of non-trait seedlings were
noted.
Substrate-Imbibition (SI) Method: The same three genotypes were used for the
substrate imbibition (SI) method. Four replicates of 50 seeds at each concentration for
each genotype were planted directly on germination paper that was moistened with either
0.0, 3.0, 4.0 or 5.0 μM Aggressor® solution. The 0.0 µM served as a non-treated control.
The germination paper was rolled and stored in plastic bags and placed upright on racks
in the same manner as the SS method and placed in the germination chamber of 20°C for
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7 days. Additional subsets (two reps of 10 seeds) were tested at 7.0, 10.0, 15.0, and 20.0
μM (Table 3.3). At 7 DAP, seedlings were classified as either trait, non-trait, and nondetermined or dead, same as SS. Specific chemical injury symptoms of non-trait
seedlings were noted.
Characterization of Seedlings: The seedling linear length (LL) and dry matter content
(DMC) of trait, non-trait, and non-determined seedlings of each treatment were
measured. A subset of 10 trait, non-trait, and non-determined seedlings from each
replication of each treatment, were used. Less number of seedlings for each response
(trait, non-trait or non-determined) were used depending on the number of seeds for that
response in a treatment. The LL of seedlings was measured from the top of the shoot to
the bottom of the root. The DMC was measured by putting each seedling that was used
for LL in an individual dish in a drying chamber at 80 °C for 24 hours. After 24 hours,
the seedlings were then weighted using an electronic scale.
The following formula was used to calculate the percentage of trait seedlings:
% Trait = T/(T+N) x 100
Where T is number of trait seedlings, and N is number of non-trait seedlings. Both nondetermined seedlings and dead seeds were excluded from calculations.
Evaluation Criteria According to CSU Protocol: Seedlings were scored as having the
AXigen® trait if root length is equal to or greater than 3.8 cm (1.5 inches) after treatment.
Non-trait seedlings have root length shorter than 3.8 cm and extremely small or no shoot
growth. The shoot does not need to be present and the stem may curl and/or show
discoloration. Non-determined seedlings have excessive mold, borderline root length, or
other factors that may provide unreliable evaluation. Dead seeds are those that show no
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growth at all. Both non-determined seedlings and dead seeds were excluded from
calculations.
Evaluation Criteria According to AOSA: Normal seedlings or trait seedlings have
normal root to shoot structures that can be small (i.e., slow growth), but otherwise normal
looking seedlings (have healthy root and shoot structures), with no discoloration.
Abnormal (non-trait) seedlings that may be caused by chemical injury or any other
effects, can be stunted, have slim or stubby weak roots, missing primary root and/or only
a few weak, short seminal roots, deformed, small, and pale leaves, missing shoot, no leaf,
leaf badly shredded, spirally twisted or longitudinally split leaf, coleoptile split for more
than one-third of the length from the tip (AOSA, 2014). Non-determined seedlings do not
resemble either normal (trait) nor abnormal (non-trait) seedlings. Both non-determined
seedlings and dead seeds were excluded from calculations.
Statistical Analysis: The experimental design used for evaluating the number of trait
seedlings, SG, seedling LL, and DMC was a 3-factor completely randomized design. The
factors are the genotypes (CO14A050, CO14A136, Bobtail), the different concentrations
of herbicide solution (0.0, 3.0, 4.0, 5.0 μM), and the herbicide bioassay method (SS or SI)
used for evaluating tolerance of the three genotypes to Aggressor®. Four replications
were included in each test. Analysis of variance (ANOVA) for a three factor (genotype,
herbicide concentration, and method) and mean separation, LSD test, were performed
whenever the effects of factors were significant at the 0.05 level of probability. The data
was analyzed using the statistical software package MSTAT (Michigan State Univ., East
Lansing, MI).
Results
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Initial Quality of Seeds: All cultivars had initial high germination rates (>98%) as
measured by the SG (Table 3.2). The seedling LL averages for CO14A050, CO14A136,
and Bobtail were 25.9, 22.9, and 21.7 cm, respectively (Fig. 3.1). The averages of DMC
seedling for CO14A050, CO14A136, and Bobtail was 26.6, 28.8, and 27.9 mg,
respectively (Fig. 3.2).
Seed Soak Method: Herbicide dose had a significant effect on Bobtail and CO14A136
(Table 3.1). At 3.0 μM, only 3.5 percent of SWW susceptible check were categorized as
trait. At 4.0 and 5.0 μM solutions, all susceptible Bobtail seeds were categorized as nontrait (P>0.001, Figure 3.5). CO14A136 averaged 99, 93, and 74 percent trait for 3.0, 4.0,
and 5.0 μM, respectively (Table 3.2), based on AOSA criteria, CO14A050 had nearly
100 percent trait seedlings at all concentrations. CO14A136 was significantly lower than
CO14A050 for the number of trait seedlings at 5.0 μM, 74 vs. 100 percent, respectively
(Table 3.2). Based on CSU criteria, CO14A136 would have had an acceptable rate of trait
seedlings since almost all roots were longer than 3.8 cm. The average seedling LL for
trait seedlings did not significantly change for CO14A050 (25 +/- 0.5 cm) and
CO14A136 (23.6 +/- 0.8 cm) as the concentration increased, except for the average LL
for CO14A136 at 5.0 μM where it was significantly lower at 18.8 cm. CO14A136 was
significantly lower than CO14A050 for LL of trait seedlings at 5.0 μM (18.8 cm vs. 24.5
cm), and the LL of non-trait seedlings (9.3 cm vs. 18.5 cm).
The seedling DMC did not significantly change among concentrations between
trait and non-trait for CO14A050 (25.1 +/- 1.5 mg) and CO14A136 (30.2 +/- 2.0 mg)
(Figure 3.2). The LL and DMC significantly differed between trait and non-trait seedlings
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for each genotype at each concentration (P> .01) (Table 3.1). Non-trait Bobtail,
CO14A050, and CO14A136 seeds averaged 3.7, 11.17, and 10.53 cm for LL,
respectively, and 1.57, 9.5, and 10.0 mg for DMC, respectively (Figures 3.1 and 3.2).

Table 3.1. Analysis of variance for the effect of bioassay method (M), genotype (G), and
herbicide concentration (C) on rate of trait seeds (T), linear length of seedlings
(LL) and dry matter content (DMC).
Source of
variation

df

Rate of Trait
Seeds (T)

LL

DMC

Method (M)†

1

***

***

***

Genotype (G)‡

2

***

***

***

MxG

2

***

***

***

Herbicide
Concentration (C)
§

3

***

***

***

MxC

3

***

***

***

GxC

6

***

***

***

MxGxC

6

***

***

***

* Significant at the 0.05 level.
** Significant at the 0.01 level.
*** Significant at the 0.001 level.
NS, not significant.
† Soaking Seed (SS), and Substrate Imbibition (SI).
‡ CO14A050, CO14A136, Bobtail (non-trait control).
§ Aggressor® solutions of 0.0, 3.0, 4.0, and 5.0 µM.
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Table 3.2. Germination percentage of Bobtail, CO14A050, and CO14A136 for seek
soak (SS) and substrate imbibition (SI) at different herbicide concentrations.
Herbicide rate (µM)
0.0

3.0

4.0

5.0

Bioassay Method

Genotype
SS

SI

SS

SI

SS

SI

SS

SI

Germination (%)
Bobtail

98

95

4

93.5

0

97

0

98.5

CO14A050

99

96

100

96

100

98

99

99

CO14A136

99

98

99

98.8

93

98.1

74

97

Linear Length- Seed Soak Method
Seedling length (cm)

35
30
25
20
15
10
5
0
0

3

4

5

Concentration of Aggressor® solution (µM)
Bobtail

CO14A050

CO14A136

Figure 3.1. Seedling linear length (LL) of Bobtail (susceptible cultivar),
CO14A136 and CO14A050 CoAxium trait genotypes after seeds were
soaked in 0.0, 3.0, 4.0 and 5.0 μM. LL measured 7 days after planting.
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Dry Matter Content- Seek Soak Method
Dry Matter Content (mg)

35
30
25
20
15
10
5
0
0

3

4

Concentration of
Bobtail

Aggressor®

CO14A050

5

solution (uM)
CO14A136

Figure 3.2. Dry matter content (DMC) of trait seedlings for three genotypes after
herbicide exposure to different concentrations. No DMC accumulated
for Bobtail at 4.0 and 5.0 μM.

Substrate Imbibition Method: The SI method was studied to see if it could be an
accurate herbicide bioassay that would save researchers or customers 24 hours in time to
complete the test compared to the SS method since seeds would not be soaked in
herbicide solution for 24 hours. Bobtail, CO14A050, and CO14A136 had acceptable trait
seedling rates (> 92%) for all concentrations based on AOSA criteria (Table 3.2). The
average seedlings LL and DMC of each genotype for 3.0, 4.0, or 5.0 μM solutions did not
change significantly as the herbicide concentration increased (Figures 3.3 and 3.4). To
see if a SI could be a suitable bioassay at a higher herbicide concentration, smaller
sample subsets were tested at 7.0, 10.0, 15.0, and 20.0 μM solutions. The rate of trait
seedlings was 95, 87, 42, and 36 percent for 7.0, 10.0, 15.0, and 20.0 μM, respectively for
Bobtail (Table 3.3). CO14A050 and CO14A136 genotypes had high trait levels (> 95%)
at all herbicide concentrations. A discriminatory dose was not established for the SI
method with Aggressor® herbicide. SI and SS were significantly different for number of
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trait seedlings between genotype at 3.0, 4.0, and 5.0 μM (P > .001) (Table 1), inferring
that the two methods had different discriminatory doses.

Linear Length- Substrate Imbibition Method
Linear Length (cm)

30
25
20
15
10
5
0
0

3

4

5

Concentration of Aggressor solution (uM)
Bobtail

CO14A050

CO14A136

Figure 3.3. Seedling linear length (LL) of Bobtail (susceptible cultivar),
CO14A136 and CO14A050 CoAxium trait genotypes after seeds
were soaked in 0.0, 3.0, 4.0 and 5.0 μM. LL measured 7 days after
planting.

Dry Matter Content (mg)

Dry Matter Content- Substrate Imbibition Method
35
30
25
20
15
10
5
0
0

3

4

5

Concentration of Aggressor solution (uM)
Bobtail

CO14A050

CO14A136

Figure 3.4. Dry matter content (DMC) of trait seedlings for three genotypes after
herbicide exposure to different concentrations.
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Table 3.3. Germination percentage of Bobtail, CO14A050, and CO14A136 genotypes
using substrate imbibition (SI) method at different herbicide concentrations.
Aggressor dose (μM)
Genotype

0.0

3.0

4.0

5.0

7.0

10.0

15.0

20.0

Trait Seedlings (%)
Bobtail

95

93.5

97

98.5

95

87.5

42

36

CO14A050

96

96

98

99

97

98

100

100

CO14A136

98

98.8

98.1

97

97

97

100

100

Identifying Non-trait Seedlings: The chemical injuries of seedlings based on the AOSA
standards included stunted roots, seedlings only producing one adventitious root, stunted
shoots, twisted or split leaves, necrosis, pale shoot, coleoptile that was split more than
one third of the way down, and no shoot and/or root growth at all. Root length could be
longer than 3.8 cm and still be considered non-trait (Figure 3.7). The LL of non-trait
seedlings ranged from 0-11.5 cm. CSU’s AXigen Trait Test Protocol uses different
criteria in identifying non-trait seedlings compared to AOSA standard protocols for
identifying seedlings with chemical injury or other abnormalities. CSU categorizes nontrait seedlings based on only root length. Non-trait seedlings with a root length longer
than 3.8 cm were identified (Figure 3.6). Root only measurements were not taken. Based
on AOSA criteria, the LL of a trait seedling ranged between 8-30 cm and non-trait
seedlings ranged from 0-11.5 cm.
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Figure 3.5. Non-trait susceptible Bobtail after being exposed to 4.0 μM herbicide
in the seed soak method. All seeds were considered non-trait at this
concentration and at 5.0 μM. The photo shows stunted root structure
and no shoot development.

A.
B.
C.
Figure 3.6. Examples of susceptible, non-trait seedlings. A. Seedlings with roots longer
than 3.8 cm, but no shoot structure. These seedlings are classified as trait
by CSU evaluation criteria, but non-trait by AOSA criteria. Such seedling
will not develop normal plant in the field. B. normal shoot structure, but
stunted root. C. Normal Seedlings.
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Figure 3.7. From left to right, based on CSU’s criteria, only the first two seedlings would
be classified as non-trait. Based on the AOSA criteria, all seedlings would be
classified as non-trait due to root length of the first two and deformed or
missing shoots for the rest.
Identifying Non-determinate Seedlings: Non-determinate seedlings are those that do
not look as vigorous as trait seedlings, but there is not enough chemical damage to
determine that they are susceptible seedlings. These seedlings may have a slightly
shriveled shoot, slight yellowing, or slightly broken coleoptile. They are neither typical to
the trait nor to non-trait seedlings.

Discussion
Seed Soak vs. Substrate Imbibition Method: The SS method proved to be a more
effective method in detecting susceptible seeds to quizalofop-p-ethyl (Aggressor®)
herbicide. At 3.0 μM herbicide solution, almost all of the susceptible Bobtail seedlings
showed significant symptoms of chemical injury such as the absence of roots or shoots
and were therefore classified as non-trait. When using 4.0 and 5.0 μM solution, all of the
susceptible seeds were classified as non-trait. The SI method was conducted to identify
trait and non-trait seedlings to quizalofop and to save 24 hours compared to SS method
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but was not effective. For SI, 98 percent of the susceptible SWW seedlings were
categorized as trait for all concentrations, giving false positive results. Even when the
concentration of Aggressor herbicide was increased to 7.0, 10.0, 15.0, and 20.0 μM, not
enough chemical injury occurred. At 20.0 μM, 36 percent of the seedlings were still
characterized as trait and a discriminating dose needs to classify at least 80 percent of
susceptible seedlings as non-trait (Beckie et al., 2000). Therefore, the SI method was not
found to be reliable enough by resulting in too many false positives.
At 5.0 μM, the CO14A136 genotype was below an acceptable rate of trait
seedlings based on the AOSA criteria, but an acceptable rate based on CSU’s criteria,
where only root length is taken into account. Almost all of the non-trait seedlings in the
study, with the exception of susceptible Bobtail in SS, would have been categorized as
trait seedlings if the only criterion were root length. This discrepancy of whether root
length should be the only criteria needs to be examined further. If a seedling only
produces a healthy root, but no shoot, or if the herbicide greatly damages the shoot or
coleoptile, that seedling is more susceptible to the herbicide that has a both a healthy root
and shoot. In the SG test, most seedlings had healthy roots and shoots, but when the
herbicide was applied, many shoots were damaged to the point where they are considered
non-trait according to the AOSA criteria. Quizalofop herbicide inhibits the ACCase
enzyme from catalyzing the first step of de novo fatty acid biosynthesis for the
production of cell membranes. Without the synthesis of healthy cell membranes, proper
cells cannot be synthesized and can thus affect any part of the seed, seedling, or plant.
The herbicide may also affect the production of plant hormones such as IAA, cytokinin,
and gibberellins that regulate the growth and development of root and shoot systems.
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This has been the case with other herbicides such as alachlor, propachlor, and pyrnachlor
effects on gibberellic acid-3 in barley (Hordium vulgare; Rao and Duke, 1976), and the
herbicide trifluralin on IAA and ABA in maize roots (Locker and Pilet, 1994).
The non-determinate seedlings were comprised of seeds that could not be defined
as trait or non-trait. They most likely carried the resistance genes but had a lower level of
tolerance. It is unknown how the non-determinate seedlings and the seedlings considered
trait under the CSU criteria (but non-trait under the AOSA criteria) would perform in the
field when environmental stressors are present. Based on the SG, LL, and DMC tests, it
does not appear to be a vigor or vitality issue in the initial quality of the seeds used in the
study as all of the genotypes had a high germination percentage and normal growth under
0.0 μM conditions. Aggressor® is a post-emergence herbicide and in this assay the
herbicide was applied at the seed stage. This could be a reason to be more lenient with
non-determinate seedlings when evaluating a seed sample. Overall, CO14A050 and
CO14A136 had a higher tolerance compared to susceptible Bobtail seedlings.
It is hypothesized that the SI method could still work for CoAxium® wheat, just at
a higher dose than was tested (> 20.0 μM ) and therefore also higher than the
discriminatory dose from the SS method. Cutulle et al. (2009) used four different
bioassays to detect HR annual bluegrass (Poa annua) and found variation among
bioassays. Murray et al. (1996) developed a bioassay, later modified by Bourgeois and
Morrison (1997), with filter paper saturated with an herbicide solution, similar to the SI
method, that accurately identified resistance in wild oat (Avena fatua L.) to an ACCase
inhibitor (Beckie et al., 2000). Herbicides clethodim, clodinafop, tralkoxydim,
sethoxydim, fenoxaprop-P-ethyl had discriminatory doses of 1.5, 3.0, 5.0, 5.0, and 10.0
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μM, respectively to identify HR wild oat (Bourgeois and Morrison, 1997; Bourgeois et
al., 1997). The differences in discriminatory doses between the Group 1 herbicides was
due to the different mutations at the site of action and different patterns of resistance
between aryloxyphenoxy propionate (fop) and cyclohexanedione (dim) herbicides
(Beckie et al., 2000). Clearfield® wheat also uses a SI herbicide bioassay to differentiate
between trait and non-trait seedlings which is why it was hypothesized that CoAXium®
wheat could be tested with SI (Breccia et al., 2018). Volatilization can be an issue with
some SI methods in detecting herbicide resistance but quizalofop has a low vapor
pressure so volatilization would not explain why SI needs to be at a much higher dose
compared to SS. (Beckie et al., 2000). There is the chance that a significant amount of the
herbicide was bound to the cellulose that makes up the germination paper, preventing the
seed imbibing the herbicide. A higher dose (> 20 μM quizalofop) in SI could work if all
of the sites where quizalofop could bind to the germination paper were occupied,
allowing enough of the "free" quizalofop for seed imbibition.
The SS method at 5 μM provided accurate results in identifying HR seedlings
with acceptable seed tolerance. The different tolerance levels between CO14A136 and
CO14A050 were also observed with CO14A136 having significantly less trait seedlings
at 5 μM than CO14A050. CO14A136 did not pass the AXigen® test based on the AOSA
criteria, with only 74% of seeds identified as trait, whereas >92% is needed (Colorado
State University, 2018). The 5.0 μM concentration was decided over the 4.0 μM
concentration in order to ensure only seeds that confer a high enough tolerance are
selected for the breeding program. While it could be concluded that the 5.0 μM is too
high and that is why CO14A136 did not pass, it is hypothesized that CO14A136 does not
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confer a high enough concentration and that further testing of the homozygous resistant
B-D genotype is needed.
The SI method could still be used at a higher concentration than tested (> 20.0
μM), however by using the SS method a lower concentration of the herbicide can be
used, limiting the analyst’s exposure. Goggi and Stahr (1997) performed a study to find a
discriminatory dose to identify resistant and susceptible Roundup Ready soybeans with a
method similar to the SI method. Seeds were imbibed in a paper towel soaked with an
herbicide solution for 18 hours and then germinated on crepe cellulose paper and covered
with moist sand following the AOSA Rules for Testing Seeds and then evaluated seven
days after treatment (AOSA, 2014). Doses used for the test were 2% and 3% Roundup
Ready solutions. The two doses produced the same results; therefore, the more dilute
dose is recommended for use to limit exposure to the herbicide. The 2% and 3%
concentrations of Roundup are also higher concentrations compared to the concentrations
used in this study where 5 μM solution is only .016 % Aggressor®. Dhawan et al. (2010)
performed a dose response that included wheat seeds to test for resistance against
fenoxaprop-p-ethyl, another ACCase inhibitor, where 100 μM was the highest dose.
Therefore, it is hypothesized that higher concentrations for the SI method will lead to a
discriminatory dose.
The suggested discriminatory dose of CoAXium® wheat to identify the AXigen
trait is 5.0 μM Aggressor® herbicide based on the observation of no susceptible SWW
trait seedlings at this concentration. The fact that CO14A136 would not pass the AXigen®
trait test based on the AOSA standards at 5.0 μM (the rate proposed by CSU) poses a few
questions. Cultivars homozygous for the AXigen® trait on the B and D genomes may not
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be suitable for commercial release. CO14A136 has significantly lower tolerance than
CO14A050 at the seedling level at 5.0 μM, which usually signifies that the same trend
will follow in the field. Ostlie et al. (2015) found a similar trend in a dose response where
accessions with homozygous resistance only on the A genome had the highest resistance
compared to accessions that were homozygous resistance on the B or D genome, and the
accession that was homozygous resistance on the B genome conferred the lowest
tolerance. Whether the B-D combination confers enough tolerance to withstand the
recommended rate of 8-12 fl. oz product/acre in the field is questionable based on the
seed bioassay results.
Morphological Identification of Non-Trait Seedlings: Protocols that only use root or
shoot length as a criterion are not advised. Both the root and shoot system should be
observed. A seed with known resistance (i.e. the resistance traits were previously
identified through DNA methods) may be present in a seedling that has a root structure
longer than 3.8 cm but the expression of the gene is not conferring a high enough
tolerance in the herbicide bioassay. The SS (and SI) method is a physiological test which
takes into account the development of the essential structures of the seedling, including
the root and shoot systems. A seedling with only root structure would not be expected to
produce a normal plant under field conditions. If a normal root system is produced, there
may be other signs of chemical injury such as a split coleoptile or damaged shoots. It is
not always clear whether a seed is resistant to an herbicide even in the SS method, or a
sample which includes a wide range of herbicide tolerance levels. For example, there
were indeterminate seedlings in every repetition for CO14A050 and CO14A136
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genotypes. There is also the fact that CO14A136 is showing a lower tolerance than
CO14A050.
Conclusion
The SS bioassay at 5.0 μM concentration is an efficient method in identifying
quizalofop herbicide resistant wheat seeds. The findings of this study can be used for
breeding and/or future uses such as when HR weeds in CoAxium® wheat fields become
an issue. Information is needed on whether cultivars with homozygosity for resistance on
the B and D genome are suitable for commercial use at the field application rates. The 5.0
μM dose can deselect lines that do not confer high enough tolerance, such as CO14A136,
during the breeding process. All root and shoot chemical injuries need to be accounted
for in herbicide response measurements and evaluation. Measuring only the root length is
not enough evidence that it will produce a normal plant in the field. While performing the
SS bioassay, it is important to include a known susceptible and a resistant check, a
placebo/water for viability as well as for comparisons for non-determinant seedlings.
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Chapter 4: Herbicide Dose Response of Resistant Wheat (Triticum aestivum L.)
Evaluated with an Image Analysis Design
Abstract
A new cultivar of quizalofop-p-ethyl (quizalofop or Aggressor®; 10.3% Ethyl (R)2-[4-(6-chloroquinoxalin-2-yloxy)-phenoxy] propionate)) herbicide resistant (HR) wheat
(Triticum aestivum L.), CoAXium®, was recently developed at Colorado State University.
Herbicide resistance in wheat is an important trait in no-till, wheat-fallow rotations where
herbicides are the primary form of weed control. Mutations for resistance were induced in
the ACC-1 gene in all three genomes (A, B, and D) of wheat and resistance breeding
lines/cultivars have been developed that carry alleles in two of the three genomes (AD or
BD). To further understand this novel source of HR, a dose response study was
performed on wheat plants carrying 0, 2, 3, or 4 herbicide resistance alleles (RA) on
different genomes. The objectives of this study were to: 1) assess the level of herbicide
tolerance for wheat plants carrying 0, 2, 3, or 4 RA; 2) determine the tolerance of
resistance genes on different genomes; 3) determine whether genotypes homozygous for
resistance genes on the B and D genome confer sufficient tolerance for commercial use;
and 4) assess the usefulness of an image analysis method in determining herbicide
tolerance. Two replications of related breeding lines that varied for the number of RA
were sprayed with 0, 11, 22, 44, 88, 176, or 352 g active ingredient (ai) ha-1 of quizalofop
herbicide for each genotype. Ten genotypes, including a susceptible cultivar, were
sprayed with each herbicide treatment. Survival rates and plant matter collection for dry
biomass were taken at 28 days after treatment (DAT). Pictures of each plant were taken
28 days DAT and were analyzed on ImageJ software. ImageJ was used to determine the
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amount of healthy green tissue unaffected by the herbicide by determining the percent of
green (GP) and the area of green (GA) in the photo. The dry biomass and survival rates
were more accurate than the image analysis for dose response, but still produced varying
results. An additive effect for each additional RA was observed. The B genome RA
conferred the lowest tolerance and the D genome RA conferred the highest tolerance. The
AAbbDD genotype had the highest tolerance based on dry biomass and survival rate data.
The aaBBDD genotype did not confer high enough tolerance for commercial use. The GP
and GA through image analysis were not effective methods of measuring individual
wheat plant tolerance in this study.
Abbreviations: Colorado State University, CSU; Days after treatment, DAT; Green area
in photo, GA; Percent of green in photo, GP; Herbicide resistance, HR; Hue-SaturationBrightness, HSB; Oregon State University, OSU; Resistance alleles, RA.
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Introduction
A new form of herbicide resistant (HR) wheat (Triticum aestivum L.),
CoAXium®, was developed at Colorado State University (CSU) by inducing mutations in
the ACC-1 gene conferring tolerance to quizalofop-p-ethyl (quizalofop or Aggressor®;
10.3% Ethyl (R)-2-[4-(6-chloroquinoxalin-2-yloxy)-phenoxy] propionate)) herbicide
(Ostlie et al., 2015). Herbicide resistance provides effective weed control especially when
wheat is grown in a wheat-fallow rotation paired with no-till. Grassy weeds are wheat’s
greatest competitors, and without tillage, herbicides are one of the only effective
strategies to control weeds. Herbicide resistance in wheat is required since grassy weeds
share a similar physiology and life cycle, therefore any herbicide that injures the weeds
will most likely damage the crop.
Symptoms of quizalofop toxicity include necrosis, chlorosis, deadheart, and
whitening of leaves (Figure 4.1). Herbicidal injury on plants can be visually observed and
measured in various ways such as plant height, visual examination, number of alive
versus dead plants (survival rate), dry biomass weight, and number of affected leaves (Ali
et al., 2013). Remote sensing data is commonly used in agriculture to detect crop damage
from herbicidal drift (Henry et al., 2004; Huang et al., 2010b), fertilization application
(Zaman et al., 2005) nutrient management (Hashimoto et al., 2007), and irrigation
(Vellidis et al., 2008; Huang et al., 2010a). Ali et al. (2013) used digital analysis to assess
herbicide injury by measuring the amount of color change from healthy green leaf tissue
to damaged (non-green) leaf tissue. They used a DSLR camera (EOS 400D EOS Digital
SLR; Canon Inc.; Tokyo, Japan) which is less expensive and easier to use than the
cameras used in precision agriculture such as spectroradiometers. Pictures were taken of
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winter wheat and barley (Hordeum vulgare L.) field plots and of red fescue (Festuca
rubra) and brome fescue (Vulpia bromoiodes L. Gray) in large pots in a greenhouse.
They found that the results of image analysis with ImageJ software
((https://imagej.nih.gov/ij/, National Institute of Health) were not significantly different
from visual assessment and provided accurate objective data. The benefits of the image
analysis are that it is a non-destructive method so plants can be kept through their
complete life cycle and it is relatively less labor intensive and time consuming than other
methods such as measuring dry biomass or an enzyme assay. It also eliminates
subjectivity which can occur when visually rating the amount of chemical injury.

Figure 4.1. Chemical injury of quizalofop on wheat causing whitening of leaves.
Ostlie et al. (2015) performed a dose response study when selecting for HR in the
developmental stages of CoAXium®. The mutation was induced in all three of wheat’s
genomes, A, B, and D. Even though all mutations were the result of a base substitution at
position 2004 in the ACC-1 gene, the mutation on each genome conferred a different
level of tolerance to the herbicide. They found the mutation on the A genome conferred
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the highest tolerance and the mutation on the B genome conferred the lowest tolerance. A
similar trend was also observed in a seed bioassay comparing the lines CO14A050
(homozygous on the A and D genome) and CO14A136 (homozygous resistant on the B
and D genome) where CO14A136 had significantly lower tolerance to quizalofop
(Richter, 2020). It is suggested that CO14A136 or cultivars only containing resistance on
the B and D genome may not confer high enough tolerance for the field.
To assess the tolerance towards quizalofop of different genotypes in wheat, a dose
response to quizalofop was performed. The different genotypes consisted of 0, 2, 3, and 4
quizalofop resistance alleles (RA) with different combinations of the alleles among
wheat’s three genomes. The plants’ tolerance was assessed based on dry biomass,
survival rate and the digital analysis method from Ali et al. (2013).
The objectives of this research were to:
1. Assess the level of tolerance towards quizalofop herbicide for wheat plants carrying 0,
2, 3, and 4 alleles for resistance.
2. Determine the difference of tolerance of plant with resistance alleles on different
genomes.
3. Determine whether cultivars with resistance genes on the B and D genomes confer an
adequate level of tolerance for commercial use.
4. Test the usefulness of the image analysis method in defining tolerance to quizalofop.
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Materials and Methods
Seed Source: The wheat breeding lines from CSU, CO14A050 and CO14A136, were
used as the 4 RA genotypes. CO14A050 is homozygous resistant on the A and D
genome. CO14A136 is homozygous resistant on the B and D genome. The Oregon State
University (OSU) soft white winter (SWW) wheat cultivar 'Norwest Tandem' was used as
the susceptible control with 0 RA. The 2 and 3 RA were from the OSU breeding program
from a segregating population of the CoAXium® breeding project. All 2 and 3 RA
genotypes had CO14A050 or CO14A136 as the parental donor of the resistant trait and
Norwest Tandem as part of their background.
Genotyping: CO14A050 (AAbbDD), CO14A136 (aaBBDD), and Norwest Tandem
(aabbdd) were fixed for their respective RA and therefore, did not need genotyping. The
2 and 3 RA plants needed to be genotyped since they came from a segregating
population. These seeds were planted in 1.19 x 1.19 x 2.0 cm sized wells in 8 x 16 128
well flats (TO128P; Stuewe & Sons, Inc; Tangent, Oregon). After all of the seeds had
germinated, the trays were placed in a vernalization chamber for 6 weeks at 6 °C with a
photoperiod of 8 hours. While the plants were in the vernalization chamber, leaf tissue
was collected for phenol-chloroform DNA extraction (Gunn, personal communication,
2017). DNA samples were genotyped using a Stepone PlusTM Real-Time PCR System
(ThermoFisher Scientific, Waltham MA) with Kompetitive Allele Specific PCR
(KASP™) (KBioscience and LGC Limited, Hoeesdon, UK) in 96 well plates. Plants that
were only homozygous resistant on the A (AAbbdd), B (aaBBdd), or D (aabbDD)
genome were selected for the 2 RA group and plants that were either homozygous on A
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and heterozygous on D (AAbbDd), heterozygous on A and homozygous on D (AabbDD),
homozygous on B and heterozygous on D (BBDd), or heterozygous on B and
homozygous on D (BbDD) were selected for the 3 RA group.
Dose Response: After vernalization, the selected plants were transplanted into 3.8 cm
diameter x 14 cm depth SC10 cones (Stuewe & Sons, Inc; Tangent, Oregon) which were
placed in RLC3 racks (Stuewe & Sons, Inc; Tangent, Oregon). One week after
transplanting, the plants were sprayed with either 0, 11, 22, 44, 88, 176, or 352 g ai ha-1
of quizalofop herbicide. A spray chamber (DeVries Manufacturing, Inc; Freeborn
County, Minnesota) was used with a spray nozzle (Teejet flat-fan spray 8002E; Teejet®
Technologies) with an angle of 80° and a rate of 0.2 gallons minute-1. The pressure of the
sprayer was 37 psi and the nozzle moved across the tray at 4 mph. One day after
treatment (DAT) plant heights were recorded. At 28 DAT, pictures were taken with a
camera (EOS Rebel T3 EOS Digital SLR; Canon Inc.) of each plant individually for
image analysis. Two replications were performed. One took place during the summer of
2019, the other in the winter of 2020.
For survival rate, plants were recorded as either dead or alive at 28 DAT. This
data was recorded as a binomial, where 0 equals dead and 1 equals alive. The doses that
killed 50% (LD50) and 90% (LD90) of each genotype were calculated using a binomial
model. For survival rate, the LD50 is the lethal dose that kills 50% of the respective
genotype's population, and the LD90 is the lethal dose that kills 90% of the respective
genotype's population.
For the dry biomass, the plants were cut at the base at 28 DAT and placed in
brown paper bags. The paper bags containing the plant matter were then put in a drying
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chamber at 65.6 °C for one week to remove any moisture. After the one-week drying
period, the dried plant materials were immediately weighed on an electronic scale and the
dry biomass weight was recorded. Growth reduction (GR) was calculated using a loglogistic model to find the GR50 and GR90. The GR50 (where GR is growth reduction) is the
dose that significantly reduced the dry biomass of 50% of the respective genotype's
population, and the GR90 is the dose that significantly reduced the dry biomass in 90% of
the respective genotype's population.
Image analysis: Images were taken with a DSLR camera 69 cm above the pot at 28
DAT. A steady frame was used ensuring the whole plant was included in the picture.
Images were then uploaded onto a desktop computer to be analyzed with ImageJ
software. Macro programs were developed using ImageJ to crop and analyze each photo.
A crop macro was developed by cropping a photo to a dimension that would keep all of
the plant material in the photo, but would also keep all the plant material for the other
photos as well so it could be applied to all other photos through the batch program while
eliminating as much of the background as possible.
A threshold color macro was written and applied to the cropped photos to only
select green pixels (color of healthy leaf tissue) through the Hue-Saturation-Brightness
(HSB) model, which has become more popular than the Red-Green-Blue (RGB) model
since it allows the analysts to manipulate the spatial information independently while
maintaining the color balance of the original image (Carper et al., 1990). The HSB model
separates color information, facilitating the separation of objects with different colors
(Ali et al., 2013). The hue refers to the dominant wavelength of the light contributing to
the color and is determined by the relative proportion of red, green, and blue inputs, the
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saturation refers to the purity of color relative to gray, and the brightness refers to the
intensity of the color (Carper et al., 1990). The hue was adjusted to only select green
pixels, the saturation was not adjusted, and the brightness was selected to differentiate
from the background. To get rid of any remaining unwanted particles, the filter analyze
particle was used. The circularity value was set to 0.001 to 1.00 and the particle size to
999 to infinity (Figure 2; Ali et al., 2013).
The outcome provided a CSV file that included the percent of each photo that was
green (GP) and the area of green (GA) particles in each photo. The ED50 and ED90 of
each genotype were calculated using a log-logistic model for both GP and GA. For GP,
the ED50 represented the effective dose that significantly decreased the percentage of
healthy green leaf tissue in the photo for a 50% of a respective genotype's population and
the ED90 represented the effective dose that significantly decreased the percentage of
healthy green leaf tissue for 90% of a respective genotype's population. For GA, the ED50
represented the dose that significantly decreased the area of healthy green leaf tissue in
the photo for a 50% of a respective genotype's population and the ED90 represented the
dose that significantly decreased the area of healthy green leaf tissue for 90% of a
respective genotype's population.
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Figure 4.2. Left: The image of a cropped photo from the dose response before
image analysis of the green pixels. Right: The image after the
threshold color macro was applied. The black is the selected healthy
green tissue of the original image.

Statistical analysis: The experimental design was a 2-factor randomized complete block.
The factors were genotypes and herbicide doses. Two replications were performed. The
number of plants per replication per dose varied depending on the number of plants
identified for each genotype (4-13 plants/genotype/dose/replication). Lower numbers of a
genotype per replication per dose was due to a limited amount of plants with that
genotype. A Levene test was performed for the survival rate, GP and GA data to
determine whether the results from the two replications were significantly different and if
they could be analyzed together (R Core Team, 2013). Survival rate between the two
replications and GA from the two replications were not significantly different and could
be analyzed together (P> .05), but the GP data was significantly different between the
two replications (P< .05) and were therefore analyzed separately. The dry biomass
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weight from the first replication was not available. Log-logistic curves were fitted for
each genotype for biomass, survival rate, GP, and GA data. A four-parameter log-logistic
model was fit after a comparison of three, four, and five parameter models considering
the Akaike Information Criterion (AIC) for the dry biomass data (Brunharo et al., 2019).
A binomial model was fit for the survival rate data (Ritz et al., 2015). The ED50 and ED90
for GP and GA, the LD50 and LD90 for survival rate, and the GR50 and GR90 for dry
biomass of each genotype were separately.

Results
The susceptible genotype, aabbdd, died when 11 g ai ha-1 of herbicide and above
was applied and was removed from all analyses since a log logistic curve could not be fit
to the data. Therefore, aabbdd had the lowest tolerance.
The GR, LD, ED for GP, and ED for GA provided different results for which
genotypes had the highest and lowest herbicide. Based on the results of dry biomass,
AAbbDD had the highest tolerance with a GR50 of 37.85 ± 5.63 g ai ha-1 and aaBBdd had
the lowest tolerance (after aabbdd) with a GR50 of 0.074 ± 2.91 g ai ha-1 (Table 4.1). A ttest indicated AAbbDD had a significantly higher tolerance than all other genotypes
based on the dry biomass data (P<.05, Appendix 4.1).
Based on the results of the survival rate, AAbbDD had the highest tolerance with
an LD50 of 184.12 ± 18.65 g ai ha-1) and aaBBdd had the lowest tolerance after aabbdd
with an LD50 of 22.22 ± 4.48 g ai ha-1 (Table 4.2). The survival rate is the only test that
gave AAbbDD a dose at the 50 level (i.e. LD50 vs. ED50 vs GR50) higher than the
recommended field rate (88 g ai ha-1). The t-test for the survival rate data also indicated
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AAbbDD had a significantly higher tolerance than all other genotypes (P<.001,
Appendix 4.2).
For GP, the two replications had to be analyzed separately based on the Levene
test (P<.05). Genotype AAbbdd had the highest tolerance 87.04 ± 13.70 g ai ha-1 and
aaBBdd 11.80 ± 1.20 g ai ha-1 had the lowest tolerance after aabbdd with an ED50 of
11.80 ± 1.20 g ai ha-1 in replication 1, and AAbbDD had the highest tolerance with an
ED50 of 36.84 ± 4.69 ai ha-1 and aaBBdd had the lowest tolerance with an ED50 of 11.01
± NA g ai ha-1 (after aabbdd) in replication 2 (Table 4.3).
Based on the results of GA, aaBBDD had the highest tolerance with an ED50 of
31.43 ± 4.28 g ai ha-1 and AAbbdd had the lowest tolerance with an ED50 of 10.33 ± NA
g ai ha-1 after aabbdd (Table 4.4).
Survival rate and dry biomass both showed AAbbDD as the genotype with the
highest tolerance compared to all other genotypes (P < .05; Appendix 1 and 2). Genotype
aaBBDD had the second highest tolerance and AabbDD had the third highest tolerance
based on the survival rate data (Table 4.2). Genotype AabbDD had the second highest
tolerance and aabbDD had the third highest based on dry biomass (Table 4.1). Although
the GR50 and GR90 from the dry biomass data and the LD50 and LD90 from the survival
rate data produced different doses for each respective genotype, the rankings of highest to
lowest tolerance were similar. Of the 2 RA genotypes, aabbDD had the highest tolerance,
followed by AAbbdd then aaBBdd based on survival rate and dry biomass. Of the 3 RA,
AabbDD had the highest tolerance and was significantly higher than the other 3 RA
genotypes based on both dry biomass and survival rate (P<.001; Appendix 1 and 2).
°
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Table 4.1. Dose-response analysis of wheat lines with 0, 2, 3, or 4 alleles conferring resistance to quizalofop herbicide based on
regression of dry biomass weight and grow reduction (GR) data 28 days after treatment.
Log-logistic regression estimate †
Resistant
Alleles

Genotype

GR50

0

aabbdd

8.21 ± 34.81

AAbbdd
2

3

.81

0.06 ± 0.25

0.80

11.32 ±1.03

2.97e+16 ±
4.1692e+18
12.48 ± 4.80

<0.001

22.43 ± 72.06

0.76

Upper
Limit
-0.50 ±
0.23
0.11 ± 0.06

aaBBdd

0.074 ± 2.91

NA

.98

0.00 ± NA

NA

-0.70 ± 0

<0.001

1.03 ± 0.09

<0.001

aabbDD

20.05 ± 3.01

22.37 ± 1.56

<0.001

20.06 ± 32.25

0.53

0.13 ± 0.05

<0.05

0.93 ± 0.08

<0.001

AabbDD

20.78 ±1.36

22.61 ± 1.03

<0.001

26.0 ± 29.67

0.38

0.18 ± 0.05

<0.001

1.08 ± 0.07

<0.001

AAbbDd

17.55 ±5.21

23.42 ± 6.06

<0.001

7.61 ± 8.87

0.39

0.12 ± 0.05

<0.05

0.66 ± 0.08

<0.001

aaBbDD

11.73 ±1.71

19.93 ± 8.76

<0.001

4.14 ± 2.94

0.16

0.15 ± 0.05

<0.001

1.00 ± 0.12

<0.001

aaBBDd

12.82 ± 2.04

GR90

p-value

b

p-value

p-value

Lower
Limit

p-value

<0.01

0.84 ± 0.10

<0.001

6.37E-02

0.68 ± 0.14

<0.001

29.93 ± 9.46
<0.001
2.59 ± 0.94
<0.01 0.11 ± 0.05
<0.05
0.98 ± 0.09 <0.001
104.12 ±
AAbbDD 37.85 ± 5.63
<0.001
2.17 ± 0.58
<0.001 0.22 ± 0.05
<0.05
1.78 ± 0.08 <0.001
38.74
4
aaBBDD 16.79 ± 2.03 25.56 ± 5.13
<0.001
5.23 ± 1.96
<0.01 0.23 ± 0.05
<0.001
0.96 ± 0.07 <0.001
†
Equation: Y = c + {d – c / 1 + exp[b(log x – log e)]}, where b denotes the relative slope around e, d is the upper limit, c is the lower
limit, and e is the amount of quizalofop required to reduce the biomass by 50% (in g a.i. ha -1).
††
Herbicide dose ± Standard error
The slope provides an estimate of the relative toxicity or potency of the herbicide for each genotype at that specific dose. The higher
the b value, or the steeper the slope, the stronger the effect of the herbicide at that dose for that genotype. The lower limit refers to the
height of the graph of the asymptote at the lower end of the dose levels. The upper limit refers to the height of the graph of the
asymptote at the upper end of the dose levels.
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Table 4.2. The lethal doses (LD) and analysis between different genotypes of quizalofop
resistant wheat based on survival rate 28 days after treatment.
Log-logistic regression estimate†

Resistant
Genotype
Alleles

LD50

b

LD90

g ai ha-1
2

3

4
†

AAbbdd

27.61± 9.65

1.54 ± 0.52

114.77 ± 53.29

aaBBdd

22.22 ± 4.48

2.60 ± 0.70

51.70 ± 13.06

aabbDD

40.93 ± 5.25

2.53 ± 0.51

97.53 ± 21.97

AabbDD

72.64 ± 14.16

2.31 ± 0.61

188.04 ± 62.51

AAbbDd

37.68 ± 11.74

1.35 ± 0.42

191.26 ± 101.46

aaBbDD

40.13 ± 7.37

2.52 ± 0.68

96.02 ± 29.60

aaBBDd

28.31 ± 6.39

1.62 ± 0.41

109.76 ± 40.39

AAbbDD

184.12 ± 18.65

3.48 ± 0.74

383.83 ± 70.29

aaBBDD

84.78 ± 7.73

3.98 ± 0.81

147.35 ± 21.11

Equation: Y = 1/(1 + exp(b(log(x) – log(e)) where e denotes is the amount of quizalofop
required to reduce the population by 50% (in g a.i. ha -1) and b is the relative slope
around e.
††
Herbicide dose ± Standard error
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Table 4.3. The effective dose of 50 (ED50) and 90 (ED90) percent of each genotype based
on the percentage of healthy green tissue in the photo for each replication (rep) 28
days after treatment.
Log-logistic regression estimate †

ED50

ED90

Allele
Genotype
Number

2

g ai ha-1
Rep 1

Rep 2

Rep 1

Rep 2

AAbbdd

87.04 ± 13.70

11.12 ± 2.34

93.36 ± NA

15.96 ± 8.72

aaBBdd

11.80 ± 1.20

11.01 ± NA

25.01 ± 16.89

15.88 ± 7.07

aabbDD

20.78 ± 2.25

21.41 ± 2.31

83.48 ± 22.81

22.62 ± 1.97

AabbDD

21.21 ± 14.99

21.08 ± 2.70

72855 ± 4.31e+5

22.60 ± .28

AAbbDd

31.93 ± 151.80

16.12 ± 2.53

17.18 ± 1.46e+03

22.46 ± 2.30

aaBbDD

83.04 ± 39.99

13.75 ± 2.83

89.01 ± 104.89

17.90 ± 9.45

aaBBDd

21.93 ± 1.10

12.81 ± 1.71

23.38 ± 200.2

15.13 ± 9.59

AAbbDD

43.89 ± 4.56

36.84 ± 4.69

155.95 ± 54.73

81.93 ±
41.72

aaBBDD

38.76 ± 6.01

27.53 ± 4.42

98.10 ± 46.87

23.54 ± 1.29

3

4

†

Equation: Y = c + {d – c / 1 + exp[b(log x – log e)]}, where b denotes the relative slope
around e, d is the upper limit, c is the lower limit, and e is the amount of quizalofop
required to reduce the percent of healthy green tissue in the photo by 50% (in g a.i. ha -1).
††
Herbicide dose ± Standard error
NA: could not be calculated
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Table 4.4. The lethal dose of 50 (ED50) and 90 (ED90) of each genotype based
on the area of healthy green tissue in the photo 28 days after treatment
Log-logistic regression estimate †
Resistant
Genotype
ED50
Alleles

ED90
g ai ha-1

2

3

4

AAbbdd

10.33 ± NA

123.42 ± 121.42

aaBBdd

10.80 ± 1.21

13.5 ± 34.18

aabbDD

20.74 ± 2.25

43.1 ± 6.69

AabbDD

21.08 ± 15.02

23.16 ± 20.04

AAbbDd

19.76 ± NA

21.73 ± 3.32

aaBbDD

22.49 ± 11.94

71.71 ± 58.73

aaBBDd

14.02 ± 2.34

24.31 ± 35.32

AAbbDD

19.76 ± 23.03

154.47 ± 33.18

aaBBDD
31.43 ± 4.28
96.13 ± 29.1
Equation: Y = c + {d – c / 1 + exp[b(log x – log e)]}, where b
denotes the relative slope around e, d is the upper limit, c is the
lower limit, and e is the amount of quizalofop required to reduce
the area of healthy green tissue by 50% (in g a.i. ha -1).
††
Herbicide dose ± standard error
†
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Figure 4.3. Dose-response regression based on survival rate of wheat plants conferring
resistance to quizalofop herbicide. Each line represents a genotype with either
2, 3, or 4 resistant alleles. Each capitol letter in the legend represents an allele
conferring quizalofop resistance in either the A, B, or D genome,
respectively. The vertical light blue line represents the field rate, 88 g ai ha-1.
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Figure 4.4. Dose-response regression based on dry biomass weight of wheat plants
conferring resistance to quizalofop herbicide. Each line represents a genotype
with either 2, 3, or 4 resistant alleles. Each capitol letter in the legend
represents an allele conferring quizalofop resistance in either the A, B, or D
genome, respectively. The vertical light blue line represents the field rate
(88 g ai ha-1).

Discussion
Overall, the average GR50 and GR90 for dry biomass, LD50 and LD90 for survival
rate, and ED50 and ED90 for GP and GA increased from 2 to 3, and from 3 to 4 RA. When
comparing genotypes that only differed by the addition of one RA such as, AAbbdd to
AAbbDd, the tolerance level increased in most cases. This demonstrates that there is an
additive effect of the ACC-1 mutation. The increased tolerance with increasing numbers
of RA is probably due a higher amount of functional ACCase enzymes after quizalofop
exposure that was transcribed from a mutated ACC-1 allele. The base substitution in the
mutated ACC-1 gene causes an amino acid substitution of an alanine to valine in
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ACCase, making the herbicide unable to bind to the enzyme. ACCase catalyzes the first
step in fatty acid biosynthesis and is essential to create new cell membranes (Ostlie et al.,
2015). Therefore, with each additional RA, there is an increased amount of mutated
ACCase in the plant, and when exposed to quizalofop more of the ACCase enzyme can
remain functional.
Ostlie et al. (2015) found that the accession that was homozygous resistant on the
A genome conferred the highest tolerance. Here it was found that resistance alleles on the
D genome correlated with the highest tolerance. Of the 2 RA group, aabbDD had
significantly higher tolerance than AAbbdd and aaBBdd based on survival rates and dry
biomass. In addition, based on the LD50 for survival rate and GR50 for dry biomass,
AabbDD and aaBbDD had higher tolerances than AAbbDd and aaBBDd respectively.
This demonstrates how even replacing just one resistance allele in the A or B genome
with one on the D genome conferred significantly higher tolerance. The phenomenon of
unequal gene expression in polyploids is not new. It is well known that the same gene
present on each genome can be expressed equally, have a lower or higher rate of
expression on one genome, or even be completely silent on one genome and fully
functional on another is also possible (Mochida et al., 2004). However, in this case it is
unknown specifically why this is happening.
The dose response analysis by Ostelie et al. (2015) also showed that resistance
alleles on the B genome conferred the lowest tolerance. In a seed assay comparing the
AAbbDD and aaBBDD genotypes, aaBBDD showed a significantly lower tolerance than
AAbbDD (Richter, 2020). Based on the Ostelie et al. (2015), Richter (2020), and this
dose response study, it is hypothesized that the aaBBDD genotype may not be suitable
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for commercial release. So far, the only released cultivars are of the genotype AAbbDD.
However, the two donor lines provided to the OSU breeding program, CO14A050 and
CO14A136, are AAbbDD and aaBBDD, respectively, and PNW cultivars of both HR
genotypes are under development. It was also observed in this study that the HR alleles
on the B genome conferred the lowest tolerance. Based on the survival rate and dry
biomass, the ED50 of aaBBDD was 84.8 ± 7.73 and the GR50 was 16.79 ± 2.03 g ai ha-1
respectively. The quizalofop field rate for wheat is 58-88 g ai ha-1 (8-12 oz/gal), therefore
at least half of the crop would die in the field due to herbicidal injuries if wheat plants of
the aaBBDD genotype were sprayed with the higher recommended rate. Even at the
lowest rate there would still be significant damage done to the crop if it is of this
genotype. Therefore, it is recommended that CoAXium® HR cultivars should be the
AAbbDD genotype or carry all six resistance alleles (AABBDD).
It has been suggested that HR wheat should not carry the resistance gene on the D
genome since wheat shares the D genome with jointed goatgrass (Aegilops cylindrica), a
common grassy weed in wheat fields, and can hybridize with it (Seefeldt et al., 1998).
However, for CoAXium® wheat, the AABBdd genotype for resistance may not be
sufficient since the D genome confers the highest quizalofop tolerance and the B genome
confers the lowest tolerance. While hybridization is still a concern, sexual incompatibility
between wheat and jointed goatgrass, the potential sterility of the hybrids and any early
backcrosses, and the instability of the resistance gene in the new host are all barriers
which can prevent the introgression of a HR trait from wheat’s genome into jointed
goatgrass (Wang et al., 2001). Proper weed management of alternating herbicide modes
of action and crop rotation are still necessary to prevent this introgression, but the threat
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is not high enough to avoid cultivars that carry resistance on the D genome given the
importance of the D genome RA.
The image analysis performed was not comparable to visual observations (such as
survival rate) as an indicator for the ED50 or ED90. In this study, where only an individual
wheat plant per picture was photographed, there was too much variation in plant shape
for the image analysis to accurately determine the ED50 and ED90. Some plants had little
chemical injury but were smaller than other plants that were equally as tolerant, and
therefore came across as having a lower tolerance during the analysis. Therefore, the GP
and GA of healthy green tissue in the photos did not prove to be an effective method of
measuring wheat’s tolerance to quizalofop herbicide. For example, based on GP, AAbbdd
had the highest tolerance when it only carried 2 RA (Table 4.3). When based on the
survival rate data and observing the plants after being sprayed with the herbicide, this
was not true. GA showed aaBBDD as having a higher tolerance than AAbbDD (Table
4.4). When the two genotypes were compared in the survival rate data, AAbbDD had a
significantly higher survival rate at higher doses. Although survival rate is a subjective
observation, which an image analysis can overcome as an objective method, survival rate
is still a reliable method that can be looked back upon to see if another analysis makes
sense. In addition, the results from the seed assay concluded that the aaBBDD genotype
had significantly lower tolerance than the AAbbDD genotype (Richter, 2020). These
errors are due to the variability of individual plant sizes interfering with comparisons of
the effects of the herbicide.
The unsuccessful attempt of using GP and GA to measure herbicide tolerance
through image analysis was likely due to experimental design error. A major difference
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between the greenhouse photos taken for this study and those for Ali et al. (2013) is that
Ali et al. (2013) used photos consisting of multiple plants in a pot. About 100 seeds of
red or brome fescue were planted in a 22.5 cm diameter pot. The pictures were then taken
slightly above the grasses, so the frame only consisted of the plants and soil. In this study,
only one wheat plant was photographed at a time, resulting in more background noise and
more variation in how much of the frame consisted of plant material versus the
environment. Therefore, some of the variation in the analysis is due to the differences in
growth habit rather than herbicide tolerance. The issue of variation of individual plant
size and height can be overcome by creating a “plot” in the greenhouse. In this set up,
one replication would be a “plot”, where there are multiple wheat plants growing in cones
or pots close together to create a canopy-like structure. This way, the amount of green
within a certain area would determine tolerance, rather than plant size, thus eliminating
the natural plant growth variation and background noise.
Another reason for the experimental error seen in this study, such as the different
rankings of genotypes from highest to lowest tolerance between the methods and the high
standard error values, could be due to small sample sizes. The sample sizes in this study
were severely limited by the amount of seed available for the 2 and 3 RA genotypes.
Planting adequate seeds to be genotyped for the 2 and 3 RA genotypes should provide
sufficient seed for testing the closed canopy image hypothesis in the future. The high
standard error values for many of the GR90, LD90, and ED90 values is to be expected due
to the larger intervals between higher doses. However, the high standard errors could also
be due to any outliers that occurred due to a small sample size. The two replications were
also performed at different times, one in the summer and one in the winter. Although the
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study was performed in a greenhouse, a controlled environment, the variation from the
outside environment (longer photoperiod and warmer temperatures for the replication that
occurred during the summer) could have created differences in the data.
Image analysis can be a powerful research tool to recognize differences not seen
by human visual observations. This is evident in the wide range of literature found on
remote sensing data or other image analysis tools in agriculture studies and production
(Khanal et al., 2017). Cameras that are used for precision agriculture or research can be
costly and hard to gain access to, but a DSLR camera can still provide high quality
pictures at a relatively low cost. The ImageJ software is also easy to access and is free
(https://imagej.nih.gov).

Conclusions
The conclusions that can be made from this study are that the mutations in the
ACC-1 gene conferring resistance to quizalofop herbicide have an additive effect with
each additional RA; each genome mutation confers a different level of tolerance, with the
D genome mutation conferring the highest tolerance and B conferring the lowest
tolerance; and the aaBBDD genotype is not suitable for commercial rates of herbicide
application. This information should be taken into consideration as breeding programs
begin to develop regional cultivars of CoAXium® wheat in order to produce cultivars
with reliable, high level herbicide tolerance.
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Chapter 5: Speed Breeding to Shorten Introgression Time of an Herbicide
Resistance Trait into Wheat (Triticum aestivum L.)
Abstract
Innovative methods to decrease the time it takes to produce a new crop cultivar
are crucial in order to maintain a stable food supply for the growing global population.
Methods such as marker-assisted selection (MAS) and speed breeding techniques are
becoming more popular in breeding programs since they are relatively inexpensive and
can drastically decrease the generation time for a crop. A new source of herbicide
resistance (HR) in wheat (Triticum aestivum L.) was recently released from Colorado
State University and regionally adapted cultivars are currently under development in
other wheat growing regions. To develop Pacific Northwest (PNW) soft white winter
(SWW) HR cultivars as quickly as possible, a new speed breeding method was tested.
The HR trait, quality traits (seed softness, seed color, and glutenins), PNW-specific
disease resistance, increased straw strength, and shorter height all need to be selected for
to produce the desired PNW HR elite cultivars. The spring wheat breeding scheme (SBS)
was the speed breeding method. In the SBS, a soft white spring (SWS) cultivar was used
in the first three crosses to the Colorado HR hard red winter (HRW) lines to shorten
generation time by avoiding vernalization. Winter wheat requires at least six weeks of
vernalization, therefore by avoiding vernalization requirements for four generations,
approximately 6 months can be saved. After two backcrosses and a selfing generation,
the SBS lines were crossed with SWW cultivars. This SBS was then compared to a
conventional winter wheat breeding scheme (WBS). Selection for HR and quality traits
was performed with MAS for both schemes. It was found that the SBS did not save as
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much time as anticipated, but other benefits such as circumventing hybrid necrosis and
potential benefits such as a higher chance of introgression of resistance genes to PNW
diseases may make the SBS approach valuable in the long run.
Abbreviations: Backcross, BC; Colorado State University, CSU; Genomic selection,
GS; Hard red winter wheat, HRW; Herbicide resistance, HR; Kompetitive Allele
Specific PCR, KASP; Marker assisted selection, MAS; Molecular weight glutenin
subunits, MW-GS; Pacific Northwest, PNW; Pina-D1 gene, PinA; Pinb-D1 gene,
PinB; Polymerase Chain Reaction, PCR; Single nucleotide polymorphisms, SNP;
Spring wheat breeding scheme, SBS; Soft white spring wheat, SWS; Soft white
winter wheat, SWW; (conventional) winter wheat breeding scheme, WBS.

Introduction
Rapidly growing human population and climate change cause concern and
uncertainty for global food security. It is estimated that crop production will need to
double by 2050 in order to meet the predicted global food demands (Tilman et al., 2011).
In addition, there are almost 1 billion people that already suffer from malnourishment
(FAO, 2012). The average yields of major global staple crops such as maize (Zea mays),
rice (Oryza sativa), wheat, and soybean (Glycine max) have increased 1.6%, 1.0%, 0.9%,
and 1.3% per year respectively between 1989 and 2008. However, a 2.4% rate of
production growth per year is required to double yield by 2050. Part of the problem for
achieving this 2.4% increase is the slow process of breeding new cultivars due to the long
plant generation time. Wheat provides about 19% of global caloric intake but developing
a new wheat cultivar from first cross to release takes about 10-12 years (Ray et al., 2013).
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Herbicides are an effective way to maximize yield by eliminating weeds that
compete with the crop for nutrients, light, and space. Without proper weed control, wheat
yield losses can be between 10% to 50%, with a global average of 23% (Oerke, 2006;
Gharde et al., 2018). Herbicide resistant (HR) wheat cultivars are desirable since
herbicides are the only form of weed control in wheat-fallow rotation with no-till
cropping systems in the Pacific Northwest (PNW). Colorado State University (CSU)
developed a new line of HR wheat, named CoAXium®, which is resistant to quizalofop
herbicide, an acetyl CoA carboxylase (ACCase) inhibitor, also known as Aggressor®. The
HR trait, AXigen®, comes from a point mutation on the ACC-1 gene. The mutation
causes an amino acid substitution on the ACCase enzyme which inhibits quizalofop from
binding to the enzyme's target site, therefore ACCase can remain functional. ACCase
catalyzes the first step in the de novo fatty acid synthesis pathways, which is crucial in
synthesizing cell and organelle membranes and why ACCase inhibitors are effective
herbicides. There is high demand for this new HR trait in PNW cultivars since
Clearfield® wheat is the only other source of HR for wheat. The herbicide used with
Clearfield® wheat, Beyond® or imidazolinone, can have long soil residual activity of up
to 18 months depending on environmental conditions, and limiting growers to fallow or
other Clearfield® crops following a Clearfield® wheat harvest (Süzer and Büyük, 2010).
With the CoAXium® wheat production system, Aggressor® does not have the long soil
residual so another crop can be planted after harvest without the risk of herbicidal injury.
Colorado’s HR CoAXium® wheat is a hard red winter (HRW) which is not adapted to the
PNW due to its lack of resistance to PNW diseases such as stripe rust (Puccina
striiformis), and its weaker straw strength and greater height, two traits that result in
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greater of lodging in higher rainfall wheat production regions such as the PNW. In
addition, soft white winter (SWW) wheat is the dominant market class in the PNW, so
the quality traits for this market class need to be selected for as well in order to create the
most profitable PNW CoAXium® cultivars.
The characteristics that make up the various wheat market classes are hard or soft
seed, red or white seed, and spring or winter growing habit. Quality traits include grain
texture, glutenins, and seed color. The Pina-D1 (PinA) and Pinb-D1 (PinB) genes control
the “hardness” of the kernel by acting together to determine grain texture. Soft wheats
contain PinA and a functional or wild-type allele of PinB, while hard wheats contain
either a deletion of the PinA gene or a mutant form of PinB (Pan et al., 2004). Absence of
the soft mutation in one or both of the genes leads to hardness (Li et al., 2008). The color
of the seed is determined by the R locus that is functional on all three genomes. The color
genes, Red-A, Red-B, and Red-D, have an additive effect with an increasingly intense red
seed color with each additional red allele (Kuraparthy et al., 2008). Molecular weight
glutenin subunits (MW-GS) make up part of the glutenin protein and determine the
viscosity property of wheat dough (Nieto-Taladriz et al., 1994). High MW-GS are
encoded by polymorphic genes at the Glu-1 locus: Glu-A1, Glu-B1, and Glu-D1 on the
A, B, and D genome, respectively (Gale, 2005). Glu-A1 is either Ax2*,1 or null, with
Ax2*,1 conferring higher dough strength (Gale, 2005). Glu-D1 can be either Dx2 paired
with Dy12, or Dx5 paired with Dy10. The Glu-D1 locus has particularly strong effects on
dough strength, where Dx5/Dy10 leads to stronger gluten than Dx2/Dy12. Dx5 is
predominantly present in bread wheats and Dx2 is predominantly present in pastry wheats
that require weaker gluten (Lafiandra et al., 1993).
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In order to develop PNW CoAXium® wheat cultivars, the HR trait will need to be
introgressed from Colorado’s resistant HRW into PNW adapted SWW wheat cultivars
while retaining the disease resistance, grain texture, seed color, and end-use quality traits
of the PNW SWW cultivars. One of the challenges with retaining so many traits (and
therefore genes) is the number of generations required to transfer the HR trait while
restoring all the SWW wheat traits needed for a cultivar in the PNW. Watson et al. (2017)
developed the idea of “speed breeding”, where various techniques are used to shorten
generation time, including increased photoperiod and increased temperature. They
successfully grew six generations of spring wheat in one year by exposing the plants to
22 hours of light with 2 hours of dark. Comparatively, the typical photoperiod of 12
hours of light with 12 hours of dark would only allow for the growth of three generations
in one year (Watson et al., 2017).
Speed breeding can be combined with genotypic and phenotypic selection to
shorten the number of generations needed to fix desired traits by selecting for traits using
phenotypic selection, marker-assisted selection (MAS), and/or genomic selection (GS)
before each backcross (Alahmad et al., 2018). Marker-assisted selection is used for
specific genes that have large effects (i.e. qualitative traits) and can be used to make
specific crosses at each generation between individuals that carry the identified desired
alleles. Backcross (BC) breeding schemes benefit from MAS due to the segregating
populations that occur with each BC. Kompetitive Allele Specific polymerase chain
reaction (PCR) (KASP™; KBioscience and LGC Limited, Hoeesdon, UK) is a
genotyping method that uses allele-specific oligo extension and fluorescence resonance
energy transfer (FRET) as signals to identify each genotype or single nucleotide
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polymorphism (SNP), and is an ideal platform to use with MAS (Semagn et al., 2014).
Samples are genotyped using differences in fluorescent signal intensity, where specific
intensities designate either homozygous mutant, homozygous wild-type, or heterozygous.
Projects that include a large amount of genotyping, such as this study, are ideal for KASP
due to the low labor, relatively low cost, and high tolerance to variable DNA quality and
quantity associated with this technique (Landoulsi et al., 2017). Compared to TaqmanTM
(Thermo Fisher Scientific, Waltham, MA) and Sanger sequencing, KASP is just as
reliable and a fraction of the cost of the other two platforms (Landoulsi et al., 2017). Due
to the high number of SNP’s available, KASP allows for flexible primer design that can
be used on multiple equipment platforms (He et al., 2014a). Lastly, KASP is a relatively
fast assay that requires only one amplification step (Zhang et al., 2000).
To decrease the time to develop PNW HR wheat cultivars, an experimental speed
breeding scheme was developed and was paired with MAS. This speed breeding scheme
uses soft white spring (SWS) wheat in the first two backcrosses before crossing to SWW
wheat. A SWS wheat intermediary is needed to avoid the vernalization requirement of
winter wheat. Vernalization requirements greatly reduce the number of generations that
can be grown in a single year, negating much of the gain from speed breeding.
Vernalization is controlled by the Vrn1, Vrn2, Vrn3, and Vrn4 genes. Winter wheat
requires at least six weeks of vernalization, and spring wheat has no vernalization
requirement. Vrn1 is the major determinant for whether wheat will require vernalization
and is associated with a reduction or elimination of the vernalization requirement. The
homoeologous genes Vrn-A1, Vrn-B1, and VrnD-1 are all associated with the reduction or
elimination of the vernalization requirement, and even one spring wheat allele in these
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genes can eliminate the need for vernalization (Kippes et al., 2014; Gomez et al., 2014).
When growing plants for the greenhouse, winter wheat plants must first be placed in a
vernalization chamber at 6 °C for six to seven weeks at the two to three leaf stage.
Therefore, by crossing to a spring wheat for the first three crosses, it was hypothesized
that one to two more generations could be grown in a single year while retaining more of
the desired SWW traits. A conventional backcrossing breeding scheme was also
performed where two SWW cultivars were crossed directly to the HR HRWs, followed
by self-fertilization and backcrossing. SNPs were identified for the ACC-1 gene on each
genome and KASP primers were created allowing for genotypic selection of the herbicide
resistant trait. Markers for MAS were used to select for the HR trait and other quality
traits to speed up the process for both breeding schemes.

The objectives of this research were to:
1. Investigate a modified speed breeding technique for winter wheat using spring wheat
for the first 4 cycles of crossing to accelerate trait introgression of an HR trait into PNW
elite winter wheat cultivars.
2. Estimate the cost of using marker assisted selection with the spring wheat speed
breeding scheme compared to the conventional breeding scheme.
Materials and Methods
Growing environment: Plants were grown in a greenhouse at 22.2 °C with a
photoperiod of 16 hours. Plants were grown in 3.8 cm diameter x 14 cm SC10 model
cones (Stuewe & Sons, Inc; Tangent, Oregon), instead of large sized pots (16.2 cm
diameter x 18.4 cm), in order to further shorten the generation time by decreasing the
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time to anthesis. By providing less space for the plant to grow, the plant’s resources are
limited, which induces earlier flowering (Porter, 2012).
Parental Lines: The HR ACC-1 mutant donor lines were CO14A050 and CO14A136
from CSU, both were HRW. CO14A050 is homozygous on the ACC-1 mutation, the A
and D genomes, and CO14A136 is homozygous on the B and D genomes for the
mutation. The SWS parent was WA8277, a Washington State University advanced
breeding line with stripe rust resistance provide by M. Pumphrey (spring wheat breeder,
Washington State University). The two PNW SWW cultivars used in this research were
'Nixon' and 'Norwest Tandem', both developed by Oregon State University (Table 5.1).
Winter Breeding Scheme: The WBS (Figure 5.1) is the conventional breeding scheme.
Selections for the resistance trait was either for homozygous or heterozygous for the
mutation on the A/D or B/D. Quality trait selections at the BC2 generation or later were
softness for PinB, either null or Ax2*,1 for Glu-A1 depending on the SWW line, and Dx2
for Glu-D1. White seeds were selected if they appeared during harvest and planted for the
next generation. Up to 80 seeds were planted for each generation, for each breeding
scheme, in 1.19 x 1.19 x 2.0 sized wells in 8 x 16 128 well flats (TO128P; Stuewe &
Sons, Inc; Tangent, Oregon). After 7 to 10 days when the plants reached the two-leaf
stage, the trays were placed in the vernalization chamber for 6 weeks at 6 °C with an 8hour photoperiod. The first crosses were performed at the end of February 2018. Both
Colorado HR HRW wheats were crossed to Nixon and Norwest Tandem to create F1
populations. The F1 seed was planted as described above, and the plants were allowed to
self-pollinate. The F2 progeny were screened using KASP assays genotyping for
homozygous herbicide resistance on the A and D genomes (A/D) if the HR donor was
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CO14A050 or the B and D genomes (B/D) if the HR donor was CO14A136. The selected
plants were then backcrossed to their respective SWW parent to create the BC1
generation. All selected BC1 progeny were heterozygous for resistance at this stage, so
genotyping was not necessary. The BC1s were then self-fertilized and the progeny were
selected for homozygous herbicide resistance on two genomes, softness from PinB, Dx2
for the Glu-A1 gene, and null for Norwest Tandem backgrounds or Ax2*,1 for Nixon
backgrounds for the Glu-D1 gene. The BC1S1 plants were then backcrossed to the
respective SWW parent, and the progeny were selected for heterozygosity on A/D or B/D
to create the BC2 generation where heterozygosity was selected for the HR trait. The
selected plants were allowed to self-fertilize for the BC2S1. For the last stage of the WBS,
plants that are homozygous resistant on A/D or B/D in the BC2S1 generation will be
selected and planted in the field for the first field trials as head rows.
Spring Breeding Scheme: The spring breeding scheme (SBS) is the speed breeding
method and serves as the treatment (Figure 5.2). The SWS line, WA8277, is homozygous
for softeness for PinA and PinB1, Ax2*,1 for Glu-A1, and Dx5 for Glu-D1 (Table 5.1).
Up to 80 seeds of a line were planted for each generation in 1.19 x 1.19 x 2.0 sized wells
in 8 x 16 128 well flats (TO128P; Stuewe & Sons, Inc; Tangent, Oregon) and were
transplanted to the same 3.8 cm diameter x 14 cm cones as the WBS at the three to four
leaf stage. The first crosses began March 2018. The same two Colorado HR HRW wheats
as the WBS were crossed to WA8277 to create F1 populations. The F1 were then
backcrossed to the SWS to create the BC1 generation. The BC1s were backcrossed again
to the SWS to create the BC2 generation. The BC2s had white seeds, homozygous for the
wild type-PinB (genotyped through markers), and heterozygous for the resistance trait on
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the A/D or B/D genomes were allowed to self-fertilize to produce the BC2S1 generation
and homozygosity for HR on A/D or B/D was selected. Therefore, white seeds and
softness were fixed at the BC2 generation. The BC2S1 that were homozygous for the
resistance trait on A/D or B/D were selected and backcrossed to the respective SWW (the
first cross to a winter wheat) to create the F1Winter generation. All F1winters were
heterozygous for the resistance trait and MAS was not needed. F1winters will be
backcrossed to the respective SWW to create the BC1Winter generation and heterozygosity
for the resistance trait on the A/D or B/D genomes will be selected in addition to the
quality traits that have not been fixed yet (Glu-A1 and Glu-D1). The selected BC1Winter
plants will be allowed to self-fertilize to create the BC1S1Winter generation. For the last
stage of the SBS, plants that are homozygous resistant on A/D or B/D from the
BC1S1Winter generation will be planted in the field as head rows in the first field trial.
Selection Criteria: For any BC or F1 generation, heterozygosity for HR was selected for
in either A/D or B/D depending on whether the HR donor line was CO14A050 or
CO14A136 respectively. For any self-fertilized generation, homozygosity for A/D or B/D
was selected for. White seeds were selected visually for when possible and planted for
the next generation, but only if the seed also came from a plant with the desired HR traits.
The seed color trait was selected for phenotypically. PinA was fixed for all lines for
softness and therefore no selection occurred. Norwest Tandem was the only line that was
null for Glu-A1, while all other parental backgrounds were homozygous for Ax2*,1
(Table 5.1). Therefore, the Glu-A1 genes were only selected for after the first cross to the
SWW (BC2S1 x SWW) in the SBS and in the BC1S1 generation of the WBS for crosses
made with Norwest Tandem. In the SBS, Dx2 in Glu-D1 could not be selected for until
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after the first cross to SWW due to the parental background of the spring and HR donor
lines being homozygous Dx5. At the BC1S1 stage for the WBS and the F1Winter stage in the
SBS, the schemes were evaluated for progression after two years. Allele frequencies were
evaluated for the quality genes mentioned above to see how close the progeny from each
breeding scheme was to the desired cultivar.
Marker Assisted Selection: Leaf tissue was collected from each individual plant for
phenol-chloroform DNA extraction at the two to four leaf stage. The DNA extraction
protocol was developed in-house (Gunn, personal communication, 2017). Individual
DNA samples were then analyzed on a Nanodrop spectrophotometer (ThermoFisher
Scientific, Waltham MA) to determine the DNA concentration. A working stock from the
original concentration of the DNA extraction was made by diluting the DNA to 50 ng/µl
with tris Ethylenediamine tetra-acetic acid buffer
(TE; 10mM Tris + 1mM EDTA, pH 8.0; made in lab) to normalize the samples for PCR.
DNA samples were genotyped in 12 x 8 96 well plates (KBioscience and LGC Limited,
Hoeesdon, UK) with specific KASP markers using a StepOnePlusTM Real-Time PCR
System (ThermoFisher Scientific, Waltham MA). Each well contained 2 µl of working
stock DNA, 3 µl water, 5 µl KASP Master Mix, and 0.14 µl KASP primers, for 10.14 µl
total. The primers included two forward and one reverse primer. The forward and reverse
primers are specific for each ACC-1 homologue. Positive and negative controls were
added to the final two rows of the plates. The positive controls for the resistance gene
were CO14A050 and CO14A136 for the A/D and B/D combinations respectively. The
negative controls were the original susceptible parent lines, WA8277 for SBS and
Norwest Tandem and Nixon for WBS. Markers were run for the quality genes PinB, Glu-
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A, and, Glu-D. For the quality genes, the positive controls were the susceptible parent
lines and the negative controls were the HR donor lines. The use of donor parents from
the different schemes as positive and negative controls ensured the genotyping was
accurate for each experimental line. Plants that carried the desired gene(s) were selected
for advancement to the next generation, with the resistance genes taking priority.
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Cross

Winter Breeding Scheme
Generation
Selection Criteria
HR HRW x SWW
F1

No MAS all heterozygous

F2

MAS for HR
Homozygous on A/B and D

Self-fertilize

Backcross

F2 x SWW
BC1

No MAS. All heterozygous.

Self-fertilize
†BC1S1

Backcross

MAS for HR
Homozygous resistance on A/B and D
White seeds selected à fixed for white seeds

BC1S1 x SWW
BC2

All HR heterozygous
Quality traits

Self-fertilize
BC2S1
Blue = Molecular
markers used
Figure 5.1. Conventional winter breeding scheme (WBS) of breeding an herbicide
resistance (HR) trait on the A and D (A/D) or B and D (B/D) genomes from a
hard red winter (HRW) wheat to a soft white winter (SWW) using marker assisted
selection (MAS).
†Current stage.
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Cross

Spring Breeding Scheme
Generation
Selection Criteria
HR HRW x SWS
F1

Backcross

F1 x SWS
BC1

Backcross

No MAS. All heterozygous for HR trait

MAS for HR
Selected heterozygosity on A/B and D

BC1 x SWS
BC2

MAS for HR and quality traits
Selected heterozygosity on A/B and D
White seeds selected à fixed for white seeds
PinB selected à fixed for soft

Self-fertilized
BC2S1
First cross to
winter

BC2S1 x SWW
F1Winter

Backcross

MAS for HR and quality traits
Selected homozygous resistance on A/B and D

No MAS. All heterozygous for HR trait

F1Winter x SWW

†BC1Winter

MAS for HR and quality traits
Selected heterozygosity on A/B and D

Self-fertilized

BC1S1Winter

MAS for HR and vernalization
Selected homozygosity on A/B and D
Selected for vernalization type
Blue = Molecular
markers used

Figure 5.2. A spring wheat breeding scheme (SBS) where a soft white spring (SWS) is
used to introgress the herbicide resistance (HR) trait on the A and D (A/D) or B
and D (B/D) genomes from a hard red winter wheat (HRW) to a soft white winter
(SWW) using marker assisted selection (MAS) as part of a speed breeding study.
†Current stage
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Table 5.1. Genetic backgrounds of soft white spring (SWS) parent, soft white winter (SWW) parents, and herbicide resistant (HR) parents, and
target SWW cultivars (CV) of the two breeding schemes.
ACC1-A

ACC1-B

ACC1-D

Pina-D1

Pinb-D1

WA8277

Sus†

Sus

Sus

Soft

Soft

Seed
Color
White

Norwest Tandem

Sus

Sus

Sus

Soft

Soft

Nixon

Sus

Sus

Sus

Soft

CO14A050

Res††

Sus

Res

CO14A136

Sus

Res

Parental Backgrounds
SWS Parent
SWW
Parent
SWW
Parent
HR Donor
Line
HR Donor
Line
Target
SWW CV
Target
SWW CV
Target
SWW CV
Target
SWW CV

CoAXium
Norwest Tandem
CoAXium
Norwest Tandem
CoAXium Nixon
CoAXium Nixon

Res
Res
Res
Res

Vernalization

Glu-A1

Glu-D1

Spring

Ax2*,1

Dx5

White

Winter

null

Dx2

Soft

White

Winter

Ax2*,1

Dx2

Soft

Hard

Red

Winter

Ax2*,1

Dx5

Res

Soft

Hard/
Heterozygous

Red

Winter

Ax2*,1

Dx5 or
Dx2

Res

Soft

Soft

White

Winter

null

Dx2

Res

Soft

Soft

White

Winter

null

Dx2

Res

Soft

Soft

White

Winter

Ax2*,1

Dx2

Res

Soft

Soft

White

Winter

Ax2*,1

Dx2

†Sus = Homozygous for susceptible alleles (wild type) for herbicide resistance
†† Res = Homozygous for resistant alleles (mutant type) for herbicide resistance
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Table 5.2. Comparison of the expected genetic ratios of the Pinb-D1 (PinB) and ACC-1
genes for a conventional winter breeding scheme (WBS) and a speed breeding
scheme (SBS) over generations.
Generation
of WBS

Expected Ratios

Generation
of SBS

Expected Ratios

PinB

ACC-1

PinB

ACC-1

Soft:Het:Hard†

Res:Het:Sus††

Soft:Het:Hard

Res:Het:Sus

0:1:0

0:1:0

F1

0:1:0

0:1:0

F2

1:2:1

1:2:1

BC1

1:1:0

0:1:1

BC1

1:1:0

0:1:0

BC2

3:1:0§

0:1:1

BC1S1

5:2:1

1:2:1

BC2S1

13:2:1

1:2:1

BC2

3:1:0

0:1:0

F1Winter

7:1:0

0:1:0

BC2S1

13:2:1

1:2:1

BC1Winter

15:1:0

0:1:1

BC1S1Winter

31:1:0

1:2:1

F1

† Ratios of the PinB alleles for homozygous for soft (wild type), heterozygous, and homozygous hard (mutant)
seed.
†† Ratios of the ACC-1 gene for homozygous mutant, heterozygous, and homozygous wild type where the
mutant confers resistance towards quizalofop herbicide.
§ PinB for softness was fixed at the BC2 generation of SBS through marker-assisted selection, the rest of the
column is based on expectations of Mendelian segregation.
Bold = genotype selected for in marker assisted selection for ACC-1 gene.
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Statistical Analysis: A Chi-square goodness-of-fit test was performed to test for
Mendelian segregation of the ACC-1 and PinB genes between generations in both the
SBS and the WBS. A Chi-square goodness-of-fit test was not performed on the Glu-A
and Glu-D genes since Glu-A was fixed for the Nixon lines in the WBS and SBS, and
Glu-D was not segregating in the SBS until its first cross with the SWW. PinB was the
only quality trait that was segregating throughout the whole study for all the breeding
lines of WBS and SBS. It was expected that there would be Mendelian segregation for
the PinB and the ACC-1 genes. Expected ratios used to test if the observed number of
alleles for a gene matched expectations can be found in Table 5.2.
Results
Chi-square: The Chi-square test showed Mendelian segregation of the PinB and ACC-1
locus and thus the expected genotype frequencies in the progeny were observed (Table
5.3 and 5.4). The ACC-1 genes had expected segregation patterns when selected together
as well as individually (Table 5.4). These results support the accuracy of the two breeding
schemes for Mendelian genes.
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Table 5.3. Chi-square values for the Pinb-D1 (PinB) gene for the spring breeding scheme
(SBS) and the winter breeding scheme (WBS).
Breeding
Expected
Scheme Generation Ratio
SBS
7:1:0
F1Winter

WBS

BC1S1

Soft

Observed Expected χ2
88
85.8

Heterozygous

10

12.3

Hard

0

0

Soft

74

65.3

Heterozygous

145

163.1

Soft

42

32.6

2:5:1

†NS equals non-significant Chi-square value.

.47
NS†

5.88
NS
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Table 5.4. Chi-square values for ACC-1 genes for homozygous resistant (Res),
heterozygous (Het), and homozygous susceptible (Sus) in the spring breeding
scheme (SBS) and winter breeding scheme (WBS).
Breeding Generation Expected
Scheme
Ratio
Genome ACC-1
Observed Expected χ2
BC1
1:1:1:1
SBS
A/D† Het/Het
23
21.5
Sus/Het
23
21.5
Het/Sus
22
21.5
Sus/Sus
18
21.5 0.79 NS‡
SBS

SBS

SBS

Winter

Winter

Winter

BC1

BC2

BC2

F2

F2

F2

1:1:1:1

1:1:1:1

1:1:1:1

1:2:1

1:2:1

1:2:1

B/D Het/Het
Sus/Het
Het/Sus
Sus/Sus

47
40
41
47

43.75
43.75
43.75
43.75

0.98 NS

A/D Het/Het
Sus/Het
Het/Sus
Sus/Sus

24
14
19
17

18.5
18.5
18.5
18.5

2.86 NS

B/D Het/Het
Sus/Het
Het/Sus
Sus/Sus

29
45
30
47

37.75
37.75
37.75
37.75

7.28 NS

A§ Res
Het
Sus

31
71
36

34.5
69
34.5

0.48 NS

B Res
Het
Sus

33
61
32

31.5
63
31.5

0.13 NS

D Res
63
68
Het
142
136
Sus
67
68
0.65 NS
† The Chi square test was performed on the segregating ratios of A/D and B/D together.
‡ “NS” indicates that the segregation ratios were not significant and were segregating
according to Mendelian inheritance.
§ The Chi square was performed on the resistance gene(s) on either the A, B, or D
genome independently.
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Breeding Schemes: After approximately two years, the allele frequencies of the PinB,
Glu-A, and Glu-D genes for each breeding scheme were observed using markers or were
estimated as 0.5 in the F1winter generation in the SBS where each parent was fixed for
their respected Glu-A1 or Glu-D1 genotype (Table 5.5). Homozygous wild-type of the
PinB gene was selected for in the BC2 generation in the SBS using MAS, fixing the trait.
The frequency of the wild-type PinB allele in the WBS at the BC1S1 was 0.56, χ2 (1, N=
261) = 5.93 p > 0.05.
For Glu-A1, the two HR donor lines and the SWS parent (WA8277) were both
homozygous for Ax2*,1. All progeny in the SBS were therefore fixed for Ax2*,1 before
being crossed with SWW cultivars. The desired Glu-A1 genotype for HR Nixon is
homozygous for Ax2*,1. Therefore the desired trait for Glu-A1 (Ax2*,1) was achieved
with WBS and SBS for the HR Nixon cultivar. The desired Glu-A1 genotype for Norwest
Tandem lines is homozygous null. At the BC1S1 generation in the WBS, Norwest
Tandem lines had an allele frequency of 0.48 for null χ2 (1, N= 160) = 3.02 p > 0.05. The
frequency for null in the F1winter generation for SBS was estimated as 0.5 with all progeny
being heterozygous since all of the lines were fixed as Ax2*,1 and then crossed with
Norwest Tandem, homozygous for null.
All lines in the WBS were fixed for Dx2, the desirable Glu-D1 genotype, by the
BC1S1 generation. The spring donor parent, WA8277, had a Dx5 genotype, as did the HR
donor line, CO14A050. Through markers, it was found that CO14A136 lines carried
alleles for both Dx2 or Dx5, and therefore the spring wheat that was crossed to
CO14A136 was segregating at the Glu-D1 locus throughout the SBS. Since WA8277 is
Dx5, selection could not be made for Glu-D1 while selecting for the HR trait. Since

106

WA8277 did not carry the desired Glu-D1 genotype, Dx2, the SBS was "slowed down."
The allele frequency for the desired Dx2 allele was estimated as 0.5 in F1winter generation
of the SBS with all progeny being heterozygous.
White seed color (homozygous for white alleles for the Red-A, Red-B and Red-D
genes) was fixed in the BC2 generation for SBS and the BC1S1 generation for WBS
through phenotypic selection. It was estimated that 42.2% of the seeds would be
completely white by the BC2 generation in the SBS based on the expected ratios. The
expected ratios for the Red genes are the same as the expected ratios for PinB in Table
5.2, but it is lower since there are 3 Red genes and the probability of getting a specific
combination of the four genes follows the product rule. For example, in the BC1
generation of the SBS the expected genotypic ratios for PinB were 0.5 homozygous wild
type (soft) and 0.5 heterozygous. Therefore, the odds of getting the desired genotype is
50%. The odds of getting white seed color at the BC1 generation were 0.53 = 0.125 since
there was a 50% chance of an individual plant being homozygous for whiteness at each
of the three Red genes.
Twelve heads from different plants carrying white seed were produced from the
SBS in the BC2 generation. The number of successful crosses was not recorded. The
seeds from three different white seed heads were planted, fixing the SBS for white seed
color. In the WBS, white seeds were fixed in 17 heads at the BC1S1 generation. It was
expected that 43.6% of seeds would be completely white by this generation. White seed
color was fixed approximately 8 months earlier in the SBS than in the WBS. When the
white seeds from the SBS were genotyped, six of them were homozygous wild type (soft)
for PinB and heterozygous for the HR genes. These plants were selected and allowed to
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self-fertilize to produce the BC2S1 generation, fixing the white seed color, the PinB gene
for soft seeds, while selecting for the HR trait. For the WBS BC1S1 generation, only the
white seed color and HR was selected.
The seeds of the SBS BC1Winter generation were harvested after 23 months of the
breeding scheme and the seeds of the WBS BC1S1 generation were harvested after 22
months. Six generations of the SBS were completed and four generations of the WBS
were completed at this point. The first head-rows for both SBS and WBS progeny are
expected to be planted in late Fall 2020 and will follow conventional breeding strategies
from there on. The Glu-A1 and Glu-D1 genes will be selected for in the BC1winter
generation for SBS and the BC2 generation for WBS.
Cost: It costs approximately $38.63 for a 96 well plate to run KASP through the
StepOnePlus instrument (not including labor costs), or approximately $0.40 per sample.
KASP requires 5-10 ng of DNA per well along with two forward primers, a reverse
primer, and KASP MasterMix for approximately 10 µl of solution per well. In each
generation, up to 80 seedlings were planted and sampled for DNA extraction and
subsequent PCR. Two plates were run for each generation, one for the resistance trait on
the A or B genome, and the other for the D genome. By selecting 80 plants, room was left
in the plates for susceptible and resistant controls. Markers for the ACC-1 gene were run
for the F2 and BC1S1 generations of the WBS, and the BC1, BC2, and BC2S1 generations
of the SBS. Markers will be run for the last two generations of the SBS (the final BC1 and
BC1S1 generations) and the BC2S1 generation of the WBS in the near future as the
breeding schemes continue. Overall, two extra generations in the SBS needed to have
markers run compared to the WBS, making the SBS about 66.7% more expensive than
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the WBS.

Table 5.5. Allele frequencies of quality traits in the spring breeding scheme (SBS) and
the winter breeding scheme (WBS)
Allele frequencies
Scheme

Generation

Background

Pinb-D1
(Soft)

Glu-A1
(Ax2*,1)

Glu-D 1
(Dx2)

SBS

F1Winter
(BC2S1xSWW)

Norwest
Tandem/WA8277/CO14A050

1§

0.5†

0.5†

SBS

F1Winter
(BC2S1xSWW)

Norwest
Tandem/CO14A136/WA8277

1§

0.5†

0.5†

SBS

F1Winter
(BC2S1xSWW)

Nixon/CO14A050/WA8277

1§

1*

0.5†

SBS

F1Winter
(BC2S1xSWW)

Nixon/CO14A136/WA8277

1§

1*

0.5†

WBS

BC1S1

Norwest Tandem/CO14A050

0.53

0.51‡

1§

WBS

BC1S1

Norwest Tandem/CO14A136

0.54

0.45‡

1§

WBS

BC1S1

Nixon/CO14050

0.55

1§

1§

WBS

BC1S1

Norwest Tandem/CO14A136

0.56

1§

1§

† Symbolizes markers were not run but based off the known parental backgrounds (where markers

were used previously) the genotypic frequencies could be estimated based.
‡ Desired genotype is null.
§ Symbolize desired trait is fixed. Fixation for Pinb-D1 was due to marker assisted selection in the
BC2 generation for SBS.
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Discussion
It was estimated that using spring wheat for the first three crosses could save six
weeks per generation, for a total of 24 weeks (or 6 months), since vernalization would not
be required for the first four generations (Figure 5.3). Plants that carry at least one
dominant spring life cycle allele (heterozygous at any of the Vrn1 homeologs) do not
require vernalization, and therefore even the F1winter from the winter by spring cross did
not require vernalization since the spring cultivar, WA8277, is homozygous for all three
Vrn1 locus. Seed color for white seeds was also fixed about 8 months earlier in the SBS
than the WBS. This was the only trait that was phenotypically selected for. At the BC2
generation, there was a 31.6% chance of getting white seeds based on the segregation of
all four Red genes, compared to only 6.25% at the BC1 generation (Table 5.2). The PinB
gene was fixed for softness in the BC2 generation of the SBS and has not yet been fixed
in the WBS. By the BC2 generation of SBS, the allele frequency for the soft PinB allele
was 0.89.
At this point in the breeding schemes, the SBS has completed two more
generations than the WBS. However, the field trials for both schemes are estimated to be
planted at the same time (Fall 2020) due to the limited duration of the planting season.
The BC1S1Winter seeds of the SBS and the BC2S1 seeds of the WBS will be planted in the
field and allowed to self-fertilize, completing both of breeding schemes in the summer of
2021. In addition, the vernalization genes still need to be selected for or “re-introgressed”
into the SBS lines, a step that is not needed in the WBS. Therefore, since the Glu-D1
gene still needs to be selected to be homozygous Dx2 and homozygosity at the
vernalization genes need to be selected for a winter life cycle in the SBS progeny, time
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may not have been saved in this speed breeding technique. The WBS still needs to be
fixed for homozygosity for wild type in PinB for both Nixon and Norwest Tandem lines,
but this can be done through MAS in the BC2 generation. Homozygous null at the Glu-A1
gene in the Norwest Tandem lines also needs to be selected for. Based on just the quality
genes, the Nixon lines from the WBS are the closest to the target HR PNW SWW
cultivar since the seed color, Glu-A1, and Glu-D1 were all fixed for the desired genotypes
and the PinB gene can be fixed for softness through MAS before the field trials.

Figure 5.3. Spring and winter wheat life cycles in a green house. Two to three spring
wheat generations can be produced in a year while only one to two winter wheat
generations can be produced.
There are still benefits that came from the SBS. More than just the quality traits
are desired for the end target cultivars. There have been more crosses to a PNW cultivar
in the SBS, and therefore more traits (especially quantitative) that are PNW specific have
been acquired. For example, the PinB gene was fixed in the SBS BC2 generation through
MAS. The allele frequency of PinB for the BC2s was 0.89 χ2 (2, N = 158) = .21, p > .05.
If MAS selection was not performed for this trait, then after the first cross to the SWW
(F1Winter) in the SBS the expected frequency is estimated to have been 0.94. In contrast,
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the frequency of PinB in the BC1S1 generation for the WBS was only 0.57 χ2 (2, N = 261)
= 5.88, p > .05. Overall, the SBS gained a much higher frequency of the desired PinB
allele faster than the WBS due to the extra crosses to a soft variety. The two extra crosses
in the SBS gave a higher frequency of the wild type PinB alleles compared to the WBS,
0.94 vs 0.57. This comparison of the two extra crosses in the SBS from the PinB locus
applies to other traits that have not been selected for as well. The traits that will be
selected for during the field trials, such as stripe rust resistance and straw strength, have
not been selected for yet. It is anticipated that the lines from the SBS will have a greater
chance of carrying stripe rust resistance genes due to the two extra cycles of crossing to
resistant parents. Another potential benefit of including WA8277 in the breeding scheme
is that it creates a more diverse germplasm with a combination of cultivars from
Colorado, Washington State, and Oregon bred together. This could also potentially lead
to increased resistance to PNW disease such as stripe rust and other beneficial traits.
An unanticipated benefit of the SBS was the avoidance of, or ability to
circumvent, hybrid necrosis that occurred with crosses between the CSU HR HRW lines
and certain PNW SWW cultivars. Hybrid necrosis is the premature death of leaves or
plants in F1 hybrids that is caused by the interaction of two dominant complementary
genes, Ne1 and Ne2. Hybrid necrosis was observed in seven of the nine initial crosses
between PNW SWW cultivars and Colorado’s HR donor lines, with only the F1 from
crosses from Norwest Tandem and Nixon surviving to produce seed. In contrast, all of
the BC2S1 lines from the SBS that were crossed to the SWW lines survived. While the
SBS has saved neglible time so far, it does allow for crosses to the other elite PNW SWW
lines that were not able to produce seed when crossed directly to the HR HRW lines in
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the WBS. The initial crosses to a spring cultivar can be used as a way to “get around”
deleterious hybridization issues in other breeding projects while eliminating vernalization
for a generation or two.
Marker assisted selection was used as another way to speed up the introgression
of the HR trait into PNW cultivars. Typically, the alleles selected for with MAS are those
that have large effects and have relatively simple inheritance, such as the ACC-1 gene,
PinB gene, and other quality traits (Hanson et al., 2006). In this study, markers were
primarily used to select for the HR genes. These alleles could not have been
phenotypically selected since many of them were in the heterozygous state, and therefore
would have a significantly lower tolerance and may have died from the herbicide
application (Ostlie et al., 2015). Also, by using MAS for the HR trait, only the plants with
the desired HR genotype were transplanted from the trays to pots. It would be much more
time consuming and subjective if all the plants were phenotypically selected through
spraying them with quizalofop.
The SBS is more expensive to run than the WBS due to the extra generations that
need to be genotyped and did not save necessarily save time. If a breeding program
needed to introgress even more traits, genes, and/or loci than what was selected for in this
study, a modified SBS could save time, since more backcrosses can be achieved in a
given amount of time compared to a WBS. The higher cost of the SBS is often worth
avoiding issues such as hybrid necrosis. In addition, the cost benefit may increase after
field trial analysis if higher stripe rust resistance is present or higher rates of desired
PNW traits compared to the progeny of the WBS.
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Conclusion
Using spring wheat to speed breed a novel HR trait from Colorado HRW lines
into PNW SWW elite cultivars did not save as much time as hypothesized and is about
66.7% more expensive than the WBS. The field trials for both breeding schemes will
begin at the same time and will have an identical timeline from there on. However, there
were benefits to using the SBS. Hybrid necrosis was avoided with the spring crosses and
the F1 populations that did not survive from the WBS breeding scheme can now be
crossed with the lines from the SBS for HR introgression. This method could be applied
in other breeding projects where the desired F1 cannot be produced due to a deleterious
hybridization event. Incorporating a different line into a breeding scheme to avoid the
lethal hybridization along with MAS allows for the production of new lines that could not
have been produced otherwise. Secondly, more benefits of the SBS may be seen during
the field trials from a more diverse germplasm and the extra crosses of the SBS such as
increased resistance to PNW diseases such as stripe rust. Lastly, in the case where more
than just the three quality traits that were focused on in this study are being selected, the
SBS could save more time since more backcrosses can be accomplished in a year
compared to a WBS. The SBS would have saved more time if the spring cultivar used in
the initial crosses had more of the desired traits. For example, WA8277 is Dx5 at the GluD locus, but Dx2 is the desired genotype for PNW SWW cultivars. Being able to choose
a spring line that carried Dx2 as well as the other desired traits would increase the
efficiency of the breeding scheme and save time over WBS. Increased photoperiod length
in a greenhouse, pre-mature harvest, planting smaller pots/cone, MAS, and genomic
selection are all highly valuable tools and methods that can be used to accelerate trait
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introgression and cultivar development. Using spring wheat that carries more of the
quality genes of the desired cultivar, MAS, increased photoperiod, and growing wheat
plants in smaller containers to restrict root growth could increase the speed of SBS even
more. Further research in speed breeding techniques are still needed to accelerate the
introgression of key traits to produce high yielding cultivars. This research shows that
SBS can have a positive impact on introgressing important traits into regionally adapted
germplasm quickly.
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Chapter 6: Conclusions
Weeds cause US farmers billions of dollars a year due to decreases in yield and
quality and the increased costs from herbicide applications, labor, and equipment
(Nandula, 2019). Without proper weed control, wheat production greatly suffers causing
yield losses from 10% to 50% (Oerke, 2006; Gharde et al., 2018). With integrative pest
management (IPM), which include herbicides, losses from weeds can be significantly
reduced (Oerke, 2006). Proper weed management is not only critical for yield and
quality, but also for the long-term management of agriculture and the environment. To
gain the full benefits of herbicides, herbicide resistance (HR) in wheat is crucial since
wheat's major weedy competitors are also grasses such as jointed goatgrass (Aegilops
cylindrica) and cheatgrass (Bromus tectorum). Grassy weeds share a similar life cycle
and physiology to wheat and without HR, the herbicide would damage the crop along
with the weeds. Before CoAXium®, the only other form of HR wheat was Clearfield®
wheat with Beyond® (imidazolinine) herbicide that has a long soil residual. With
CoAXium®, another crop such as barley (Hordeum vulgare), can be planted without the
risk of herbicidal injury since quizalofop does not have a long soil residual. Growers can
also rotate herbicides by rotating CoAXium® wheat and Clearfield® crops. The
CoAXium® wheat production system will greatly benefit wheat growers in the Pacific
Northwest (PNW) by providing them with another means for weed control. In order to
develop PNW CoAXium cultivars, research was needed to develop a seed-based
screening method, to further understand the new HR trait, and to quickly introgress the
HR trait into PNW wheat cultivars.
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The seed bioassay was performed to compare two herbicide tolerance seed
screening methods, a seed soak (SS) protocol developed by Colorado State University
(CSU) and a substrate imbibition (SI) that could save analysts 24 hours compared to the
SS method. The seed bioassay confirmed that the seed soak (SS) protocol at 5 µM
developed by Colorado State University (CSU) provides accurate results in screening for
quizalofop resistance. The SI method failed to cause chemical injury on non-trait seeds
even at 20 µM and therefore a discriminatory dose was not established. It was also
concluded that more than just the root length needs to be taken into account when
classifying seeds as trait, non-trait, or non-determinate. Based on the AOSA Rules for
Testing Seeds evaluation criteria, seeds that were homozygous for the HR trait on the B
and D genome (B/D) would not pass the SS assay at the 5 µM concentration (trait
seedlings ≤ 92%; AOSA, 2014). However, the B/D genotype would have passed based on
the CSU criteria (root length ≥ 3.8 cm) (Colorado State University, 2018). The protocol
and evaluation criteria were established to ensure only seeds conferring high enough
tolerance to survive under field conditions after herbicide application are counted as trait.
The fact that the B/D genotype was given to the Oregon State University (OSU) wheat
breeding program as a donor line created the need to look further into tolerance levels of
various quizalofop HR genotypes.
The dose response study was performed to further understand the ACC-1 mutation
conferring resistance to quizalofop herbicide. This was done by studying if there is an
additive effect of the resistance alleles (RA), if different rates of tolerance are expressed
between wheat's three genomes (A, B, and D), if the homozygous resistant on B/D
genotype confers adequate tolerance for commercial use, and to see if an image analysis
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could be a useful way to quantify a genotype's resistance to quizalofop. The dose
response tested 10 different genotypes that carried either 0, 2, 3, or 4 RA. An additive
effect of the RA was observed where the 4 RA conferred the highest tolerance, followed
by the 3 RA genotypes then the 2 RA genotypes, on average, and the 0 RA conferred
essentially no tolerance. It had been previously observed that the RA on the B genome
conferred the lowest herbicide tolerance and the A genome conferred the highest
tolerance (Ostlie et al., 2015). In this study, the B genome also conferred the lowest
herbicide tolerance, but the D genome, instead of A, conferred the highest tolerance. The
B/D genotype had significantly lower tolerance compared to the A/D genotype, the same
conclusion from the seed assay study. Ostlie et al.'s (2015) observations of the B genome
resulting in the lowest tolerance of the three genomes also supported this finding. It was
concluded that the B/D genotype does not confer a high enough tolerance for the field,
given that it had a high growth reduction based on dry biomass data and a low survival
rate at 88 g ai ha-1, the upper end of the recommended field rate, and above. It is
suggested that wheat breeding programs developing CoAXium® cultivars should only
produce cultivars with the A/D combination or A/B/D. Field trials of the A/D, B/D, and
even A/B/D are needed to fully understand the tolerance levels of the different genotypes
for commercial use. The image analysis did not provide accurate tolerance levels of the
genotypes due to experimental design error but could be improved upon by taking
pictures of a group of wheat plants placed close together to mimic a canopy instead of
pictures of individual plants.
The speed breeding study was performed to test if soft white spring (SWS) wheat
could be used to accelerate the introgression of the HR trait from the Colorado hard red
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winter (HRW) lines into PNW soft white winter (SWW) elite cultivars. The need for
speed breeding comes from the prolonged duration to develop new cultivars due to the
long generation time of plants. While GMO methods could decrease the time to develop a
new cultivar, they are not always an option due to public and political disapproval and
strict commercial regulations. Speed breeding can help overcome these issues. While
only minimal time was saved in this speed breeding study, the extra cross to a PNW
cultivar in the SBS compared to the WBS may have provided more desired PNW traits,
especially for quantitative traits such as resistance to stripe rust (Puccinia striiformis)
which was not selected for during the initial two years of the breeding schemes. The extra
crosses in the SBS provide a greater chance that the final progeny of the breeding scheme
will carry adequate resistance to stripe rust and other desired PNW traits. The unexpected
benefit of the SBS was the avoidance of hybrid necrosis. Hybrid necrosis killed the
progeny from seven out of the nine SWW wheat cultivar crosses to the Colorado HR
HRW lines in the WBS. The spring line did not carry either necrosis gene (Ne1 and Ne2).
Therefore, when the spring lines were crossed to the SWW cultivars in the SBS, all of the
crosses produced a viable F1 generation.
It is suggested that the SBS could have saved more time if the spring line carried
more of the quality traits of the end target cultivars. In this study, the spring line,
WA2877, was Dx5 at the Glu-D loci, as were the HR donor lines. Therefore, the desired
Glu-D genotype, Dx2, could not be introgressed into the SBS breeding lines until the
crosses with the SWW which did not occur until over a year after the study began. The
progeny of the spring breeding scheme (SBS) and the winter breeding scheme (WBS)
from the speed breeding study will be planted in the field in the fall of 2020. Not only
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will this allow for further study of the different HR genotypes, but it will also establish
any other benefits derived from the SBS. In general, speed breeding techniques need to
be further researched and continually innovated to quickly create novel, high yielding
crop cultivars.
Increasing the efficiency of plant breeding is crucial for sustainable agriculture
and to increase food production for the growing global population (Watson et al., 2017;
Alahmad et al., 2018). Novel high yielding crop cultivars will need to be quickly
developed due to decreasing area of arable land and increasing human population. To
achieve adequate food production, the arable land that can be cultivated will require
optimization (Schiefer et al., 2016). Herbicides provide high weed control, especially for
no-till, leading to an increased yield from decreasing the crop's competition for nutrients,
water, light, and space. Combining herbicides with other weed management strategies,
such as crop rotation, can increase weed control further while delaying the evolution of
HR weeds.
The high risk of soil erosion in the PNW due to the wet winters and dry summers
eliminates tillage for weed control and increases reliance on herbicides. The addition of
CoAXium® into the market allows for the continuation of no-till wheat production with
better weed control. Replacing tillage with herbicides also has environmental benefits
such as soil and water conservation and it increases energy efficiency (Gianessi, 2013).
One herbicide application can substitute for several tillage trips. In addition, tillage
equipment is much heavier than an herbicide sprayer and needs to be pulled through the
soil. This results in significantly more CO2 emissions than an herbicide sprayer (Hanna,
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2001; Gianessi, 2013) Overall, herbicides are practical, cost efficient, and sustainable
compared to other current forms of weed control.
Despite the fact that wheat is one of the most important crops worldwide,
providing about 18.8 percent of the world's caloric energy supply, there are still few HR
wheat varieties available (“2018 Annual Report,”; Nandula, 2019). These undesired
plants make up the largest percentage of wheat yield losses compared to other pests such
as diseases, viruses, and insects (Oerke, 2005). The yield gap will need to be reduced in
order to sustainably feed the world, and herbicides can help achieve this objective.
CoAXium® wheat helps solve this issue by providing wheat growers with another form
of weed control and will allow for better herbicide and crop rotation. There are still years
of field trials to be completed before the release of PNW CoAXium® cultivars, but the
studies presented here provide insight of this new source of HR that can be integrated
into a breeding program.
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Appendix
Table 4.5. Comparison of GR50 between genotypes based on
dry biomass that were significantly different (P <.05).
Genotype
Estimate†
p-value

†

aabbDD/aaBbDD

.17 ± .36

<.05

aabbDD/AAbbdd

.17 ± .31

<.05

aabbDD/AAbbDD

.53 ± .11

<.001

aaBbDD/aaBBDD

.70 ± .13

<.05

aaBbDD/AabbDD

.57 ± .09

<.001

aaBbDD/AAbbDD

.31 ± .06

<.001

aaBBdd/aaBBDd

5.78e-03 ± .23

<.001

aaBBdd/aaBBDD

4.41e-03 ± .17

<.001

aaBBdd/AabbDD

3.57e-03 ± .14

<.001

aaBBdd/AAbbdd

6.55e-03 ± .26

<.001

aaBBdd/AAbbDd

4.22e-03 ± .17

<.001

aaBBdd/AAbbDD

1.96e-03 ± .08

<.001

aaBBDd/AabbDD

.61 ± .1

<.001

aaBBDd/AAbbDD

.34 ± .07

<.001

aaBBDD/AAbbdd

1.48 ± .2

<.05

aaBBDD/AAbbDD

.44 ± .08

<.001

AabbDD/AAbbdd

1.84 ± .20

<.001

AabbDD/AAbbDD

.55 ± .09

<.001

AAbbdd/AAbbDD

.30 ± .05

<.001

AAbbDd/AAbbDD

.46 ± .15

<.001

The estimate equals the resistance index ± standard error, where
the resistance index is a comparison of tolerance levels between
two genotypes using the ED50.

126

Table 4.6. Comparison of LD50 between genotypes based on
survival rate that were significantly different (P <.05).

†

Genotype

Estimate†

p-value

aabbDD/aaBBDD

.48 ±7.60e-02

<.001

aabbDD/AabbDD

.56 ± .13

<.001

aabbDD/AAbbDD

.20 ± 3.63e-02

<.001

aaBbDD/aaBBDD

.47 ± 9.70e-02

<.001

aaBbDD/AabbDD

.55 ± .15

<.001

aaBbDD/AAbbDD

.21 ± 4.57e-02

<.001

aaBBdd/aaBBDD

.26 ± 5.80e-02

<.001

aaBBdd/AabbDD

.31 ± 8.58e-02

<.001

aaBBdd/AAbbDD

.12 ± 2.72e-02

<.001

aaBBDd/aaBBDD

.33 ± 8.13e-02

<.001

aaBBDd/AabbDD

.39 ± .12

<.001

aaBBDd/AAbbDD

.15 ± 3.80e-02

<.001

aaBBDD/AAbbDD

.46 ± 6.27-02

<.001

AabbDD/AAbbDD

.39 ± 8.67e-02

<.001

AAbbdd/AAbbDD

.15 ± 5.46e-02

<.001

AAbbDd/AAbbDD

.20 ± 6.71e-02

<.001

The estimate equals the resistance index ± standard error, where
the resistance index is a comparison of tolerance levels between
two genotypes using the ED50.

